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ABSTRACT
The period of smoltification is crucial to the 
maintenance of a self-supporting salmon population. This 
study addresses the physiological and behavioral changes 
that occur during smoltification and the environmental cues 
which induce this metamorphosis in Chinook salmon 
(Oncorhynchus tshawytscha). The timing of imprinting in 
this species is also investigated.
The effects of novel water chemistry, increased stream 
flow rate, photoperiod and age and size on plasma levels of 
thyroxine, triiodothyronine and cortisol, hematocrit, 
condition factor and hepatosomatic index were examined. 
Exposure to a novel water source was found to induce 
smoltification while doubling the stream flow rate had no 
effect. Smoltification was inhibited in salmon raised under 
24 hour light or a constant 9L:15D photoperiod but was 
stimulated in salmon raised under an increasing photoperiod. 
Large age I salmon (L = 225.7 mm; W = 151.33 g) showed more 
signs of a complete, coordinated smoltification process than 
small age I (L = 148.3 mm; W = 26.74 g) or age 0 (L = 82.4 
mm; W = 5.37 g) salmon.
Changes in behavior were studied by observation of 
salmon in an artificial stream at a hatchery and a release
X l l
facility. Salmon observed at the release facility were more 
active and more likely to be found in the upstream, 
downstream and pelagic areas of the experimental tank than 
fish observed at the hatchery.
The timing of imprinting was studied by artificially 
imprinting groups of tagged salmon in the hatchery, 
releasing them into Lake Oahe, South Dakota, and recording 
the number of spawning adults returning to the release site. 
No differences were seen in return rates between imprinted 
and non-imprinted salmon even after accounting for higher 
mortality in the imprinted salmon. Potential reasons for 
this result include the lack of environmental changes during 
the imprinting period.
This study shows that appropriate environmental stimuli 
prior to and during the time of smoltification are necessary 
for Chinook salmon to undergo a complete and coordinated 
smoltification process. The results of this study 
underscore the importance of understanding the role of 
environmental cues in the induction and coordination of the 
behavioral, physiological and biochemical changes that occur 




Anadromous fishes, such as salmon (Oncorhynchus spp. 
and Salmo spp.), spend the majority of their lives in 
seawater but return to fresh water to spawn (McDowall 1988) 
Smoltification (parr-smolt transformation) is a 
metamorphosis involving behavioral, physiological and 
biochemical changes (Folmar and Dickhoff 1980; Hoar 1988) 
which adapts juvenile salmon for the transition from a 
freshwater to a saltwater environment.
The timing of smoltification in native populations of 
Pacific salmon is of interest to fisheries scientists, 
particularly in relation to imprinting, seaward migration 
and seawater osmoregulatory ability. However, timing of 
smoltification is also of interest in the management of non 
native, land-locked salmon stocks, primarily due to 
imprinting. In both cases the management goal is to 
increase post-release survival of juveniles and successful 
return of mature fish to a stream or hatchery for spawning. 
In the midwestern United States Chinook (Oncorhynchus 
tshawytscha) and coho (0. kisutch) salmon have been 
introduced as sport fish into large lakes and reservoirs.
1
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However, suitable spawning habitat is often lacking, 
necessitating the use of hatcheries to maintain the 
population. Salmon are often raised in hatcheries under 
photoperiods that are artificial and constant and in water 
from wells in which water chemistry does not change. These 
hatcheries are often located at great distances from 
stocking sites, to which the salmon must be transported. 
Growth in hatcheries is often accelerated and remarkable and 
may appear to be good salmonid management but may prevent 
the completion of smoltification. While attainment of 
seawater osmoregulatory ability is not essential for 
survival in landlocked populations, other important 
components of smoltification do occur which are necessary 
for successful, self-supporting salmon introductions. 
Imprinting upon the appropriate hatchery facility or natal 
stream waters and migratory behavior of the smolt are two 
such components influenced by the timing of smoltification.
Many of the changes that occur during smoltification 
can be monitored and used as indices of this transformation 
(Table 1). Physical changes in salmon include: changes in 
coloration (silvering of body and loss of parr marks), 
decrease in condition factor (K) and the increased ability 
to withstand a saltwater challenge. Changes in plasma 
constituents include: plasma protein levels, thyroid 
hormones, cortisol, growth hormone, sex steroids and 
prolactin. Changes in organ function and constituents also
3
Table 1. Indices of smoltification in salmon (Oncorhynchus 
spp. and Salmo spp.).
Index Citation
Changes in coloration 
(silvering of body and loss 
of parr marks)
Decrease in condition factor 
(K)
Ability to withstand a 
saltwater challenge
Changes in type and quantity 
of hepatic cytosolic proteins
Changes in type and quantity 
of plasma proteins
Decreasing plasma NH; levels
Increasing plasma thyroid 
hormone (thyroxine and 
triiodothyronine) levels
Increasing tissue thyroid 
hormone levels
Increasing plasma cortisol 
levels
Increasing plasma growth 
hormone levels
Increasing plasma prolactin 
levels
Increasing plasma insulin 
levels
Increasing plasma estradiol 
levels
Decreasing plasma estradiol 
(females) and testosterone 
(males)
Decreases in plasma 
somatostatin
Johnston and Eales 1967; Birt 
et al. 1991
Hoar 1939a; Farmer et al. 
1978; Wedemeyer et al. 1980
Clarke 1982
Bradley et al. 1989
Bradley and Rourke 1988; 
Johanning and Bradley 1989
Bradley and Rourke 1988
Hoar 1939b; Baggerman 1960, 
1963; Dickhoff et al. 1978; 
Grau et al. 1981; Dickhoff and 
Sullivan 1987
Specker et al. 1992
Specker and Schreck 1982; 
Langhorne and Simpson 1986; 
Young 1986
Sweeting et al. 1985; 
Bjornsson et al. 1989; Boeuf 
et al. 1989, 1990
Prunet and Boeuf 1985
Plisetskaya et al. 1988 
Sower et al. 1984
Nagahama 1985; Patino and 
Schreck 1986
Cowley et al. 1994
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Table 1 (cont'd). Indices of smoltification in salmon 
(Oncorhynchus spp. and Salmo spp.).
Index Citation
Decrease in serum protein, 
glucose and fatty acid 
levels
Increases in lipid 
metabolism
Increases in gill Na*IC- 
ATPase activity
Changes in liver size, 
structure and activity
Changes in other plasma and 
organ constituents
Woo et al. 1978; Sheridan et 
al. 1983
Sheridan 1986; 1989; Cowley et 
al. 1994
Zaugg and McLain 1972; Zaugg 
and Wagner 1973; Zaugg 1981; 
Buckman and Ewing 1982; Boeuf 
and Prunet 1985
Vijayan et al. 1988; Bradley 
et al. 1989; Robertson and 
Bradley 1991; Whitesel 1992
Sheridan et al. 1985a;
Sheridan et al. 1985b; Soengas 
et al. 1992
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occur, such as: changes in lipid metabolism, increases in 
gill Na*K‘-ATPase activity, liver size, structure and 
activity and changes in other plasma and organ constituents.
Hormonal Coordination of Smoltification 
Thyroid Hormones
Thyroid hormones in animals are known to influence 
metabolic rate, thermogenesis, osmoregulation, lactation, 
reproduction, seasonal color changes, growth and development 
and sensitization of nervous tissue. These functions are 
largely accomplished by inducing the mobilization of lipids 
and proteins to be used as energy sources (Simpson 1978). 
Thyroid hormones are also well known for inducing 
metamorphosis in amphibians (Bentley 1982; Eckert and 
Randall 1983) and stimulating metamorphosis in flounders 
(Grace de Jesus et al. 1991). In fish, thyroid hormones 
also work synergistically with other hormones (Schreck and 
Scanlon 1977; Redding and Patino 1993; Wendelaar Bonga 1993) 
and have been implicated in behavioral changes (Hoar 1976). 
Plasma thyroid hormones each show diel variation, but with 
different patterns (Boujard and Leatherland 1992). Plasma 
thyroxine levels are lowest near dawn and peak in late 
morning, whereas plasma T3 are lowest before dawn and peak 
in late afternoon. Audet and Claireaux (1992) found similar 
diel patterns of change for plasma thyroxine in brook trout 
(Salvelinus fontinalis) , with low levels at night and higher
6
levels during the day. However, no diel changes were seen 
in plasma T3 levels in these fish.
Thyroxine, the major circulating hormone, is produced 
in the thyroid. Iodide is actively pumped into the thyroid 
cell where it is bound to tyrosyl moieties of thyroglobulin 
molecules by peroxidase molecules. The iodinated 
thyroglobulin molecules are then stored in the lumen of the 
thyroid follicle. Under stimulation from the hypothalamus 
via thyroid stimulating hormone (TSH) production in the 
pituitary, colloid from the lumen is ingested by thyroid 
cells by pinocytosis. These vacuoles fuse with lysosomes 
which release peptidases to digest the thyroglobulins, 
releasing thyroxine (Eales and Brown 1993). Thyroxine is 
then secreted by the thyroid cells into the circulatory 
system. Thyroxine also binds to the hypothalamus and 
pituitary to inhibit further TSH and thyroxine secretion.
In teleosts, hypothalamic control of the thyroid is largely 
inhibitory. Triiodothyronine (T3) appears to be the 
effective (binds to receptor sites on the target tissues) 
thyroid hormone. T3 is converted from thyroxine in the 
circulation or at target tissues, by enzymatic removal of a 
single iodine (Eales and Brown 1993). Plasma levels of 
thyroxine undergo larger fluctuations than those of plasma 
T3, making thyroxine a better index of change in thyroid 
activity.
An increase in plasma thyroxine levels has been shown
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to be an index of smoltification in salmon (Folmar and 
Dickhoff 1981; Dickhoff et al. 1982a) and is one of the most 
widely used indices of this metamorphosis (Dickhoff et al. 
1982b). Thyroxine has been found to play a role in many 
aspects of smoltification including body silvering, growth, 
behavior, a wide range of metabolic changes (Hoar 1976; 
Dickhoff et al. 1982b) and a change in hemoglobin 
A/hemoglobin C ratios (Koch 1982). Factors which have been 
shown to influence thyroxine concentrations in various 
salmonids during smoltification include phase of lunar cycle 
(Grau et al. 1981; Yamauchi et al. 1984; McCreery 1987), 
body size, temperature and photoperiod (Pereira and Adelman
1985) , rearing density (Schreck et al. 1985; Patino et al.
1986) , water flow rates (Youngson and Simpson 1984; Youngson 
et al. 1985) and chemical changes in the water (Dickhoff et 
al. 1982c; Specker and Schreck 1984; Grau et al. 1985; Lin 
et al. 1985; Nishioka et al. 1985). Increased thyroxine 
levels also sensitize the central nervous system (Hoar et 
al. 1955) which may lead to imprinting in salmon during the 
period of smoltification.
Cortisol
Cortisol is one of the principal corticosteroids in 
fish (Simpson 1978) and is best known for its role in 
mediating the stress response in vertebrates (Barton et al. 
1985; Schreck et al. 1989). However, this hormone also 
influences intermediary metabolism, growth and
8
osmoregulation, maintains blood cells and is implicated in 
sugar and protein metabolism, reproduction, ovulation and 
spermiation (Schreck and Scanlon 1977; Bentley 1982).
Plasma cortisol levels peak during metamorphosis in 
flounders (Grace de Jesus et al. 1991).
Cortisol is produced by the interrenal from cholesterol 
by the actions of enzymes from the mitochondria and 
cytoplasm (Bentley 1982). Its release is stimulated by ACTH 
from the pituitary (Schreck and Scanlon 1977; Bentley 1982). 
However, a wide range of other hormones, including growth 
hormone, thyroxine, angiotensin II, arginine vasotocin and 
catecholamines have corticotropic effects (Schreck et al. 
1989) . Cortisol levels show diel variation with low levels 
occurring near dawn and peaking late in the morning (Boujard 
and Leatherland 1992) in rainbow trout (0 . mykiss).
However, Audet and Claireaux (1992) found that diel 
variation in plasma cortisol levels changes seasonally in 
brook trout. Plasma cortisol levels were generally highest 
during dark periods and lowest during light periods with no 
variation being seen in winter months.
Plasma cortisol levels also rise during smoltification 
(Specker and Schreck 1982; Langhorne and Simpson 1986). 
During this time, its primary effect seems to be 
osmoregulatory, in association with growth hormone (Richman 
and Zaugg 1987; Madsen 1990). Corticosteroid receptors have 
been found in the gills of rainbow trout (Sandor et al.
9
1984) and brook trout (Chakraborti et al. 1987) and cortisol 
has been shown to stimulate gill Na+K*-ATPase activity in 
coho salmon (McCormick and Bern 1989). Artificially 
increasing plasma cortisol level caused lowering of 
hepatosomatic index (HSI) and plasma T3 and glucose levels 
and raising of plasma glucose levels (Vijayan and 
Leatherland 1989). Redding et al. (1984) also found that 
cortisol decreased plasma T3 levels but had no effect on 
plasma thyroxine. Vijayan et al. (1988) reported that high 
levels of cortisol caused increased conversion of thyroxine 
to T3 by hepatic tissues. Sheridan (1986) found that 
cortisol caused an increase in lipase activity in liver, 
dark muscle and mesenteric fat. Cortisol may also suppress 
the immune system and prevent a possible damaging autoimmune 
response during smoltification in salmon (Maule et al.
1987). Iwama et al. (1992) found the number of antibody- 
producing cells in Atlantic salmon (Salmo salar) were 
inversely correlated with plasma cortisol levels.
Questions
This dissertation addresses six specific questions 
about imprinting and the physiological and behavioral 
changes occurring during smoltification and the 
environmental cues which induce this metamorphosis in land­
locked populations of Chinook salmon:
1 - Does exposure to water with a novel chemistry result in
10
changes in parameters indicative of smoltification?
2 - Does exposure to an increase in water flow rate result 
in changes in parameters indicative of smoltification?
3 - Does photoperiod exposure result in changes in 
parameters indicative of smoltification?
4 - Does salmon age or size affect changes in parameters 
indicative of smoltification?
5 - Does the activity of Chinook salmon change during the 
period of smoltification?
6 - Does imprinting effectiveness change during the period 
of smoltification in Chinook salmon?
The information gained by answering these questions will 
further our understanding of the basic biology of these fish 
and the way in which they interact with the environment, to 
which they have been introduced, during this critical period 
of their life cycle. This knowledge will be useful to more 
successfully manage hatcheries and reintroduction efforts of 
salmonid and other fishes.
CHAPTER II
THE INFLUENCE OF NOVEL WATER AND 
PHOTOPERIOD ON SMOLTIFICATION
In most natural streams of the Pacific Northwest the 
period of highest flow is during the winter and spring 
(Langbein and Wells 1955; Beaumont 1975; Burt 1992). During 
this period high stream discharge the water chemistry of a 
stream changes. Concentrations of ions and chemicals in a 
stream may be diluted by increased water from snowmelt and 
rain. Alternatively, ions or chemicals may be increased by 
being transported into the stream. Stimulation of plasma 
thyroxine surges by changes in water chemistry may be an 
adaptation which allows juvenile salmon to undergo 
synchronous smoltification, rapidly prepare for life in 
seawater. This would allow them to use the increased stream 
velocity of spring runoff to speed their downstream 
migration. In most hatcheries, however, conditions of water 
chemistry are constant. Nishioka et al. (1985) suggested 
that such uniform conditions may provide insufficient 
stimulation for eliciting changes in thyroid function and 




Dickhoff et al. (1982c) were the first to report this 
'novel water effect'. Previous experiments which have shown 
an effect of novel water on plasma thyroxine levels have 
involved transporting fish, movement from one tank to 
another (Dickhoff et al. 1982c; Grau et al. 1985; Lin et al. 
1985; Hoffnagle and Fivizzani unpublished) or by addition of 
chemicals to the water (Specker and Schreck 1984; Nishioka 
et al. 1985).
A decrease in condition factor is one of the first used 
indices of smoltification (Hoar 1939a; Wedemeyer et al.
1980). This effect may be caused by an increase in growth 
in body length and a concomitant decrease, or reduced 
increase, in weight caused by an increased usage of body 
fats and glycogen stores. No report has been made on the 
influence of novel water on condition factor in salmon.
In this study the influence of changes in water 
chemistry on smoltification was assessed in Chinook salmon 
subjected to either artificial or natural photocycles in a 
single hatchery - to more closely mimic natural stream 
conditions. Two commonly used indices of smoltification, an 
increase in plasma thyroxine levels and decrease in 
condition factor (K), were used to determine the occurrence 
of smoltification. The null hypothesis being tested is that 
changing water chemistry does not stimulate smoltification- 
related increases in plasma thyroxine levels or decreases in
13
condition factor in chinook salmon under different 
photoperiods over time.
Methods
Chinook salmon sampled in this study were raised at 
Blue Dog Lake State Fish Hatchery, Waubay, South Dakota from 
eggs taken from adults returning to the Little Manistee 
River, Michigan from stock originating from the Toutle 
River, Washington. Five groups of age 0 salmon were raised 
in 8.9°C well water at 114 liters per minute (L/min) in 
indoor raceways illuminated only by artificial lighting.
All lights were turned on from 08:00 - 16:30 and only one- 
half of the lights were on for the remainder of the 
day/night cycle (8.5L:15.5Dim photocycle - standard for Blue 
Dog Hatchery). On 25 March two of these groups were moved 
to outdoor raceways with a naturally increasing photocycle 
but with water chemistry, flow rate and fish density 
identical to that of indoor raceways (Table 2). The natural 
photoperiod on this date was 12.5L:11.5D. The indoor 
control group was maintained under the initial conditions of 
water source and photoperiod throughout the experiment. The 
outdoor control was also held under the initial (well) water 
source but with a naturally increasing photocycle. On 30 
March a novel water source (a 1:1 mixture of well and Blue 
Dog Lake water at 114 L/min) was introduced to the two 
experimental groups (indoor novel water and outdoor novel
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Table 2. Experimental design, water source, light source 
and photoperiod, of the novel water experiment.
Treatment Group Water Source
Light Source/ 
Photoperiod
Indoor Control Well water Artificial/
8.5L:15.5Dim












Outdoor Control Well water Natural/
Increasing







water). On 11 April another indoor experimental group 
(indoor late novel water) was also introduced to novel 
water. There were no initial changes in water temperature 
due to the introduction of lake water and the timing of the 
experiment, mid-March through late April, probably allowed 
any temperature changes to be minimal. However, temperature 
differences throughout the experiment were not documented.
Blood samples were collected from 30 fish per treatment 
group (150 fish) on 18, 26 and 31 March and 2, 4, 7, 9, 12, 
14, 16 and 22 April. In addition, fish transferred to the 
Whitlocks Bay Station (indoor control group) were also 
sampled on 30 April and 8 May seven and 15 days after 
transfer, respectively. Samples were collected from fish 
taken from the middle of the raceway and placed in a 19L 
bucket. Individual fish were randomly taken from the 
bucket, stunned by a blow to the head, weighed and length 
measured. Blood was collected in heparinized capillary 
tubes after severing the tail at the caudal peduncle. No 
more than ten fish were removed from each bucket of fish and 
sampling of all ten fish took eight minutes or less. Blood 
samples were then centrifuged and the plasma separated and 
stored at -20°C until analysis.
Plasma thyroxine concentration was assayed using solid 
phase radioimmunoassay kits (Micromedic Systems, Horsham,
PA). The effectiveness of the use of these kits to 
determine hormone levels in fish has been previously
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reported (Spieler and Noeske 1981; Noeske and Spieler 1983). 
Cross-reactivity with 3,3',5-triiodothyronine is 1.3% in 
these assay kits. Intra-assay variation was estimated to be 
9.96% as determined by calculation of the coefficient of 
variation of 20 identical duplicate samples of known 
thyroxine levels from the midpoint of the standard curve. 
Nonspecific binding was 0.3% of the total counts added. All 
samples were analyzed in a single assay to eliminate the 
problem of interassay variability. Standards were prepared 
by adding known quantities of plasma thyroxine to Chinook 
salmon plasma previously charcoal stripped of all endogenous 
thyroid hormones. Duplicate 5 pL undiluted samples and 
standards were assayed and the bound fraction counted with a 
Beckman 5500 Gamma Counter. Estimates of sample plasma 
thyroxine content were determined from a linear regression 
between appropriate adjacent points on the standard curve. 
Due to the limited plasma volume from each fish sampled and 
the predominance of plasma thyroxine analysis in previous 
studies, only plasma thyroxine was assayed in this study.
Condition factor (K) was calculated by the following 
equation:
K = (weight (g) / length (cm)3) * 100.
The indoor late novel water group, prior to exposure to 
novel water, and controls were pooled for statistical 
analyses since no significant differences were seen between 
them when tested by ANOVA (p>0.05). The effect of sampling
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date, treatment group and their interactions on mean plasma 
thyroxine level and K were tested by ANOVA. For each 
sampling date, mean K and plasma thyroxine level for the two 
experimental groups were statistically compared with each 
other and with the appropriate control group by ANOVA and 
the Student-Newman-Keuls multiple range test. Changes in K 
over time were tested by regression. Correlations between 
mean K and mean plasma thyroxine level for each experimental 
group were calculated with the Spearman correlation 
coefficient (p). SAS for Personal Computers (SAS Institute 
Inc., Cary, NC) was used to conduct statistical analyses.
All statistical tests were considered to be significant at 
a>0.05.
Results
The significant interaction of sampling date * 
treatment group shows that patterns of change over time in 
plasma thyroxine levels differed between each group of 
salmon (p=0.0001). Patterns of change in K over time, 
however, did not vary between groups (p=0.2345).
The introduction of a novel water source caused a 
significant increase (p=0.0001) in plasma thyroxine levels 
in salmon held both indoor (Figure 1A) and outdoor (Figure 
2A). From 18 March through 7 April, no significant 
differences in mean plasma thyroxine levels were detected 




Figure 1. Mean (± SEM) plasma thyroxine (A) and condition 
factor (B) of Chinook salmon (Oncorhynchus tshawytscha) 
exposed to novel water and held indoor at Blue Dog Lake 
Hatchery, South Dakota. New and full moons are 




Figure 2. Mean (± SEM) plasma thyroxine (A) and condition 
factor (B) of Chinook salmon (Oncorhynchus tshawytscha) 
exposed to novel water and held outdoor at Blue Dog 
Lake Hatchery, South Dakota. New and full moons are 
indicated by filled and open circles, respectively.
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nor was any significant change observed in mean plasma 
thyroxine levels within either the experimental or control 
groups (pat0.0500). However, on 9 April, 10 days after the 
introduction of novel water, plasma thyroxine levels in both 
the indoor early novel water and outdoor novel water groups 
increased to a level greater than any other sample during 
the experiment (17.7 and 25.5 ng/mL, respectively). Plasma 
thyroxine levels were significantly greater than those of 
the control on 9 and 22 April in the indoor early novel 
water group (ps0.0014) and on 9, 14 and 22 April in the 
outdoor novel water group (p^O.0076). Only on 2 and 12 
April were there significant differences in plasma thyroxine 
levels between the indoor and outdoor novel water groups 
(p=0.0001). Mean plasma thyroxine level in the indoor late 
novel water group increased by the first sampling date after 
the water change and was significantly higher than plasma 
thyroxine levels in the previous control samples on three of 
the four sampling dates (12, 14 and 22 April). On 22 April 
mean plasma thyroxine levels were significantly higher in 
the indoor late novel water group than the control 
(p=0.0001). Plasma thyroxine levels never differed between 
the indoor early and late novel water groups.
Mean K for the indoor early novel water group was lower 
than the control on 10 of the 11 sampling dates and was 
significantly lower on 31 March and 2 and 4 April (Figure 
IB). Mean K for the indoor late novel water group was lower
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than the control on all four post-water change sampling 
dates and was significantly lower on 12 April. Mean K 
increased significantly over the experiment for the indoor 
early novel water group (slope=0.001013, p=0.0029) and the 
indoor late novel water group (slope=0.004468, p=0.0058) but 
did not increase for the indoor control (p=0.5408). The 
regression of K vs. time for the indoor early and late novel 
water groups were not significantly different from each 
other (p=0.08073) but were significantly different from the 
control (p=0.00003 and p=0.00008, respectively).
Mean K for the outdoor control and novel water groups 
were lower on all dates and for all groups than K for all of 
the indoor groups. Mean K for the outdoor novel water group 
(Figure 2B) was consistently lower than K for the outdoor 
control (7 of 10 sampling dates) but there were no 
significant differences between them (p^O.1154). Mean K for 
the outdoor control and novel water groups both increased 
significantly over the sampling period (slope=0.01904, 
p<0.0001 and slope=0.002847, p<0.0001, respectively) but the 
regression lines were not significantly different from each 
other (p=0.10613).
Plasma thyroxine levels and K were found to be more 
highly correlated in the experimental groups and outdoor 
groups than in the control groups or indoor groups. The 
indoor control had a correlation coefficient (p)=-0.0545 
while the early and indoor late novel water groups had
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p = 0.3508 and p = 0 . 1 5 3 9 ,  respectively. The outdoor control 
had p = 0 . 2 3 2 3  while the outdoor novel water group had 
p = 0 . 5 8 7 7 .
Although not part of this experiment, plasma thyroxine 
levels in the indoor control group were also measured after 
transfer to the Whitlocks Bay Station. Mean plasma 
thyroxine levels were 2 4 . 7  and 1 5 . 0  ng/mL seven and 15 days 
after transfer, respectively. Both of these levels were 
significantly higher than any recorded for this group at 
Blue Dog Hatchery. Mean K decreased at Whitlocks and 15 
days after transfer (mean K = 0 . 8 7 3 3 )  was lower than any level 
recorded for this group at Blue Dog Hatchery.
Discussion
These results reject the null hypothesis. Changes in 
water chemistry resulted in different patterns of change in 
plasma thyroxine levels in Chinook salmon undergoing 
smoltification. Exposure of Chinook salmon to a mixture of 
water sources resulted in significantly elevated levels of 
plasma thyroxine on specific dates following treatment. 
However, when the fish were maintained indoor, at Blue Dog 
Hatchery, with a uniform water supply and unchanging light 
regime there were minimal significant changes in plasma 
thyroxine levels during the smoltification period. These 
results agree with previous results on the effects of novel 
water chemistry on smoltification (Dickhoff et al. 1982c;
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Specker and Schreck 1984; Grau et al. 1985; Lin et al. 1985; 
Nishioka et al. 1985; Lin et al. 1988). Smoltification- 
related hormonal changes are episodic and, therefore, 
sustained elevations of plasma thyroxine levels would not be 
expected and have not been previously reported.
Previous results on the influence of a novel water 
source have been confounded by the transfer of fish, 
possibly indicating a disturbance effect. In 1987 we 
sampled Chinook salmon weekly from 3 March - 4 May at Blue 
Dog Hatchery. Plasma thyroxine levels did not significantly 
rise during this period. However, in both 1987 and 1988 
plasma thyroxine increased significantly after salmon were 
transferred from Blue Dog Hatchery to the Whitlocks Bay 
Spawning and Imprinting Station (Hoffnagle and Fivizzani, 
unpublished). Grau et al. (1985) also reported rapid 
increases in plasma thyroxine levels when coho salmon were 
transferred from one freshwater tank to another; this 
elevation of hormone level was maintained over the 48-h 
duration of the experiment. Lin et al. (1985) transported 
coho salmon from a hatchery to the laboratory and then into 
different types of tanks. These investigators found 
increases in plasma thyroxine only when the fish were 
transferred into a different type of tank (wood vs. plastic) 
and only before the new moon-associated plasma thyroxine 
peak in this stock. In the present hatchery experiment, 
which excluded transfer of fish, ten days of exposure to the
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lake-well water mixture resulted in an elevation in plasma 
thyroxine comparable to that observed by Lin et al. (1985) 
after 24 h. Dickhoff et al. (1982c) transported fish to a 
new location and into either novel water or water from their 
original location. Only fish which were exposed to a novel 
water source underwent an increase in plasma thyroxine 
concentration demonstrating that it is unlikely that 
transport stress is a cause of the increases in plasma 
thyroxine levels seen by Lin et al. (1985) and in our 
transfers of fish to the Whitlocks Bay Station. Specker and 
Schreck (1980) also reported that transportation of coho 
salmon did not affect thyroxine levels.
Some previous studies have investigated the nature of 
chemical changes required to stimulate a rise in plasma 
thyroxine levels. Nishioka et al. (1985) changed water 
chemistry by adding three salt (NaCl) treatments over the 
period of one month which produced a plasma thyroxine surge 
in yearling coho salmon. However, when seawater and amino 
acids were added to the water, plasma thyroxine levels in 
the fish were unaffected except on new moon dates. Also 
using salts to change water chemistry Specker and Schreck 
(1984) found elevated plasma thyroxine levels in coho salmon 
one week after exposure to 12-24 mM NaCl. However, exposure 
of fish to 6-12 mM CaCl, had no effect during their three 
week experiment. Chinook salmon transferred to surface net 
pens in Lake Sakakawea, North Dakota developed plasma
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thyroxine levels five-fold greater than those of fish 
maintained in a hatchery receiving hypolimnion water from 
the same reservoir (McCreery 1987). Therefore, it appears 
that it is not a change in a specific chemical which induces 
the plasma thyroxine surge but a general change in water 
chemistry of a sufficient magnitude.
Condition factor has been shown to decrease during 
smoltification in salmon (Hoar 1939a; Saunders and Henderson 
1970; Wagner 1974; Wedemeyer et al. 1980). However, in this 
experiment K increased significantly in all experimental 
groups and the outdoor control - all groups subjected to 
conditions other than those which they would normally have 
received at the hatchery. All novel water groups showed an 
initial decrease in K, immediately after introduction to 
novel water, followed by an increase in K. Also, one would 
expect a strong negative correlation between mean plasma 
thyroxine levels and mean K during smoltification. This, 
also, was not seen in these fish as the experimental and 
outdoor fish had high, positive correlations. The only 
negative correlation, in the indoor control, was weak and K 
did not change significantly in this group - the only group 
which received 'typical hatchery conditions'. The length of 
this experiment was shorter than previous studies monitoring 
changes in K and it may be that sufficient time was not 
allowed for K to decrease significantly. Also, sampling in 
this study was more frequent than in other studies and these
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data may indicate an immediate anabolic effect of thyroxine 
on these fish. Thyroxine does play a role in fish growth. 
Dietary additions of thyroxine increased both length and 
weight of rainbow trout (Barrington et al. 1961) and 
radiothyroidectomy of larval Chinook salmon and steelhead 
caused decreased growth (Norris 1969). Matty et al. (1982) 
showed an increase in protein and RNA content of both liver 
and muscle of tilapia (Sarotherodon mossambica) within 24 
hours of an injection of T3. Therefore, the immediate 
effect of this increase in thyroxine may be an increase in 
growth, followed by a later decrease in weight as liver and 
muscle lipogenesis and glycogenesis decrease and lipolysis 
and glycogenolysis increase (Sheridan et al. 1985b). The 
magnitude of the thyroxine change may also be of importance. 
K did decrease significantly in fish from the indoor control 
two weeks after transfer to the Whitlocks Bay Station after 
a larger increase in plasma thyroxine levels than was seen 
at Blue Dog Hatchery.
In conclusion, it appears that a change in water 
chemistry of sufficient magnitude can induce smoltification, 
as indicated by a peak in plasma thyroxine level, in Chinook 
salmon. Plasma thyroxine levels were increased in those 
salmon exposed to Blue Dog Lake water, particularly those 
held under a natural photocycle. Changing water chemistry 
may be a simple and useful tool for hatcheries to induce
smoltification.
CHAPTER III
THE INFLUENCE OF INCREASED FLOW AND 
PHOTOPERIOD ON SMOLTIFICATION
In most natural streams of the northwestern United 
States, snowmelt and spring rains provide the highest annual 
stream flow during the winter and spring (Langbein and Wells 
1955; Beaumont 1975; Burt 1992). In streams fed by 
snowmelt, water volume and velocity increase during spring 
runoff. Salmon may have evolved to take advantage of 
increased spring stream discharges. Youngson et al. (1983) 
found that large migrations of Atlantic salmon smolts occur 
during high stream flow and proposed that this environmental 
stimulus increases plasma thyroxine levels prior to and 
during smoltification. The stimulation of plasma thyroxine 
surges by increased flow rate may be an adaptation which 
allows juvenile salmon to undergo synchronous smoltification 
and rapidly prepare for life in saltwater if they are 
involuntarily swept downstream or use the increased stream 
velocity to aid downstream migration. In most hatcheries, 
however, conditions of flow rate are constant. Nishioka et 
al. (1985) suggested that such uniform conditions may
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provide insufficient stimulation for eliciting changes in 
thyroid function and thus have negative consequences on the 
smoltification process.
Youngson and Simpson (1984), Youngson et al. (1985), 
Youngson et al. (1986) and Youngson (1989) reported an 
effect of increased flow on plasma thyroxine levels in 
smolting Atlantic salmon. However, these experiments were 
conducted using stream water in which water chemistry may 
also have changed during the smoltification period. The 
present experiment was conducted to determine if increased 
flow of water with a uniform chemistry would also influence 
plasma thyroxine levels and condition factor in Chinook 
salmon held under natural or artificial photocycles. The 
null hypothesis being tested is that increasing the water 
flow rate does not stimulate smoltification-related 
increases in plasma thyroxine levels or decreases in 
condition factor, over time, in Chinook salmon held under 
different photoperiods.
Methods
Chinook salmon sampled in this study were raised at 
Blue Dog Lake State Fish Hatchery, Waubay, South Dakota from 
eggs taken from adults returning to the Little Manistee 
River, Michigan from stock originating from the Toutle 
River, Washington. Four groups of age 0 salmon were raised 
in 8.9°C well water at 114 liters per minute (L/min) in
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indoor raceways illuminated only by artificial lighting.
All lights were turned on from 08:00 - 16:30 and only one- 
half of the lights were on for the remainder of the 
day/night cycle (8.5L:15.5Dim photocycle - standard for Blue 
Dog Hatchery). On 25 March two of these groups were moved 
to outdoor raceways with a naturally increasing photocycle 
but with water chemistry and flow rate and fish density 
identical to the indoor raceways (Table 3). The natural 
photoperiod on this date was 12.5L:11.5D. The indoor 
control group was maintained under the initial conditions of 
flow rate and photoperiod throughout the experiment. The 
outdoor control group was also held under the initial flow 
conditions but with a naturally increasing photocycle. On 
30 March the flow rate was doubled on the experimental 
groups (indoor increased flow and outdoor increased flow) to 
230 L/min.
Blood samples were collected from 30 fish per treatment 
group (120 fish) on 18, 26 and 31 March and 2, 4, 7, 9, 12, 
14, 16 and 22 April. Samples were collected and hormones 
assayed as reported in Chapter II.
Condition factor (K) was calculated by the following 
equation:
K = (weight (g) / length (cm)3) * 100.
The effect of sampling date, treatment group and their 
interactions on mean Plasma thyroxine level and K were 
tested by ANOVA. For each sampling date, mean K and plasma
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Table 3. Experimental design, water flow rate, light source 
and photoperiod, of the increased flow experiment.
Experimental Group Water Flow Rate
Light Source/ 
Photoperiod
Indoor Control 114 L/min Artificial/
8.5L:15.5Dim







Outdoor Control 114 L/min Natural/
Increasing








thyroxine level for the two experimental groups were 
statistically compared with each other and with the 
appropriate control group by ANOVA and the Student-Newman- 
Keuls multiple range test. Changes in K over time were 
tested by regression. Correlations between mean K and mean 
plasma thyroxine level for each experimental group were 
calculated using the Spearman correlation coefficient (p). 
SAS for Personal Computers (SAS Institute Inc., Cary, NC) 
was used to conduct statistical analyses. All statistical 
tests were considered to be significant at a>0.05.
Results
The significant interaction of sampling date * 
treatment group shows that patterns of change over time in 
plasma thyroxine levels differed between each group of 
salmon (p=0.0001). Patterns of change in K over time, 
however, did not vary between groups (p=0.0998).
Plasma thyroxine levels of both the indoor and outdoor 
increased flow groups were consistently lower than those of 
their respective control (8 of 11 indoor and 7 of 10 outdoor 
sampling dates). However, mean plasma thyroxine levels in 
the indoor increased flow group were never significantly 
different from the control (Figure 3A) and only on 9 April 
were levels in the outdoor increased flow group 
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Figure 3. Mean (± SEM) plasma thyroxine (A) and condition 
factor (B) of Chinook salmon (Oncorhynchus tshawytscha) 
exposed to increased flow and held indoor at Blue Dog 
Lake Hatchery, South Dakota. New and full moons are 


























Figure 4. Mean (± SEM) plasma thyroxine (A) and condition 
factor (B) of Chinook salmon (Oncorhynchus tshawytscha) 
exposed to increased flow and held outdoor at Blue Dog 
Lake Hatchery, South Dakota. New and full moons are 
indicated by filled and open circles, respectively.
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Mean K did not significantly change over the experiment 
for the indoor increased flow group (p=0.0690) nor the 
indoor control (p=0.5408). Mean K in the indoor increased 
flow group was consistently higher (9 of 11 sampling dates) 
than those of the indoor control group and was significantly 
higher on 2, 4 and 9 April (Figure 3B). The regression of K 
vs. time for the indoor control and indoor increased flow 
groups were significantly different from each other 
(p=0.0002) but the slopes were not significantly different 
(p=0.4 64 6) .
Mean K increased significantly over the experiment for 
both the outdoor control (slope=0.001904, p<0.0001) and 
increased flow (slope=0.01108, p=0.0088) groups (Figure 4B). 
Mean K for the outdoor increased flow group was 
significantly higher on 9 and 14 April than it was on 4 
April. Mean K for the outdoor increased flow group was 
significantly lower than the control on 16 April but no 
trends were seen between the two groups and their regression 
lines were not significantly different (p=0.34826).
The outdoor increased flow group had significantly 
lower mean K than the indoor increased flow group on all 10 
sampling dates (psO.0018). Regression lines for the indoor 
and outdoor increased flow groups were significantly 
different (p<0.00001) but the slopes were not different 
(p=0.25284).
Correlations between mean plasma thyroxine levels and K
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were similarly low but opposite in the indoor groups. The 
indoor control had a correlation coefficient ( p ) = - 0 . 0 5 4 5  
while the indoor increased flow group had p = 0 . 0 5 4 8 .  The 
outdoor control group had an opposite and much higher 
correlation ( p=0 . 2323)  from the outdoor increased flow group 
( p = - 0 . 0 4 1 1 ) .
Discussion
These results fail to reject the null hypothesis. 
Increasing flow rate, to 230 L/min, of a uniform water 
chemistry did not influence either plasma thyroxine levels 
or condition factor (K) during smoltification. Chinook 
salmon maintained in either indoor or outdoor raceways at 
Blue Dog Hatchery with a uniform water chemistry but 
increased flow showed minimal significant changes in either 
plasma thyroxine levels or K, compared to the appropriate 
controls, during the smoltification period. Correlations 
between mean K and plasma thyroxine levels were low and 
provide very little insight.
These results agree with those of Jonsson and Ruud- 
Hansen (1985) who found that stream flow was not a 
significant predictor of the changes in yearly migration 
rates of Atlantic salmon smolts. However, these results 
conflict with those of Youngson and Simpson (1984) who 
reported a positive correlation between serum plasma 
thyroxine levels and stream discharge rate in smolting
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Atlantic salmon. This correlation does not demonstrate a 
cause and effect relationship since changes in water 
chemistry during the period of increased flow were not 
monitored in their study. Youngson et al. (1983) found that 
while autumn and early spring migration can be positively 
correlated with stream discharge, late spring migrations 
cannot. Youngson et al. (1985) later showed that plasma 
thyroxine levels in Atlantic salmon increased six hours 
after exposure to increased flow rates. However, this 
increase in plasma thyroxine could have been caused by 
increased exertion in these fish, in having to swim against 
a faster current. Youngson and McLay (1989) and Youngson 
and Webb (1992) found that adult Atlantic salmon also show 
increased plasma thyroxine levels in correlation with 
increased flow rates and attributed them to "increased motor 
activity associated with greater water velocity". My 
results indicate that smoltification of Chinook salmon is 
not stimulated by increased flow. These differences in 
results may be due to species differences or the fact that 
the flow rates in the present study may not have been high 
enough to sufficiently stimulate these fish (flow rates in 
this study did not approach natural flow rates in a flooding 
stream). Alternatively, the results of Youngson and Simpson 
(1984) and Youngson et al. (1985) may be explained by 
comparison with those of Yamauchi et al. (1985). The latter 
group studied salmon in a hatchery utilizing river water but
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with controlled flow rates to the raceways. They described 
an increase in downstream migratory behavior of masu salmon 
(0. masou) three days after a heavy rainfall had exposed the 
fish to novel water, but not increased flow, in an 
artificial stream.
A decrease in K has been shown in salmon during 
smoltification (Hoar 1939a; Saunders and Henderson 1970; 
Wagner 1974; Wedemeyer et al. 1980). However, in the salmon 
in the present experiment, K increased in both the 
experimental and control groups (insignificantly in some) 
but there were no differences between the groups. Also, one 
would expect a strong negative correlation between mean 
plasma thyroxine levels and mean K which was not seen in 
these fish. The correlations were absent or weak and the 
strongest correlation (outdoor control) was positive. This 
lack of change in K in the experimental groups further 
indicates that increasing the rate of water flow did not 
induce smoltification in these salmon. However, the length 
of this experiment was shorter than others in which changes 
in K were monitored and it may be that sufficient time had 
not passed for K to decrease significantly. K did decrease 
significantly in fish from the indoor control two weeks 
after transfer to the Whitlocks Bay Station and after a 
dramatic increase in plasma thyroxine levels.
In conclusion, doubling the rate of water flow (to 230 
L/min) through the raceway did not influence plasma
thyroxine or K in chinook salmon held under natural or 
artificial photocycles. It is unlikely that flow rate is a 
sufficient environmental cue to induce smoltification, as 
indicated by these indices, in Chinook salmon.
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CHAPTER IV
THE INFLUENCE OF PHOTOPERIOD ON SMOLTIFICATION
Changes in photoperiod are the most predictable events 
which can be used to precisely distinguish the time of year. 
Higgins (1985) concluded that photoperiod was the primary 
environmental influence on the induction of smoltification 
because it is not as annually variable as temperature. 
Baggerman (1963) found that the change in salinity 
preference in coho salmon was photoperiodically controlled 
and was preceded by an increase in thyroxine levels.
Saunders and Henderson (1970) found that Atlantic salmon 
subjected to a constant 13L:11D or naturally increasing 
photoperiod smoltified and grew rapidly after entering 
seawater. Those subjected to a decreasing photoperiod did 
not smoltify and fared poorly in seawater. Zaugg and Wagner 
(1973) found that accelerated photoperiodic changes 
(advancing the onset of long days) resulted in early 
smoltification while decelerated photoperiodic changes 
caused delayed smoltification. Clarke et al. (1985) were 
able to advance the seawater adaptability of Atlantic salmon 
by advancing photoperiod and Duston and Knox (1992) were 
able to cause Atlantic salmon to acclimate to seawater
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during the autumn, instead of spring, by manipulating 
photoperiod. Wagner (1974) found photoperiod to be more 
important than temperature in determining the onset of 
smoltification in steelhead trout (0. mykiss). Grau et al. 
(1982) concluded that photoperiod synchronizes the 
developmental changes associated with smoltification.
Duston and Saunders (1990) supported the hypothesis that 
photoperiodic changes "entrain an endogenous circannual 
rhythm involved in controlling the completion of 
smoltification". Bromage et al. (1992) have shown that 
plasma melatonin levels in Atlantic salmon increase in 
relation to the duration of the daily dark period. 
Therefore, it appears that salmon respond to the increasing 
photoperiod during spring to initiate the smoltification 
process.
Salmon in hatcheries are commonly raised under indoor 
conditions of a short day, unchanging photoperiod or 24 
hours of light. Short day, unchanging photoperiods, in 
which the lights are turned on and off with the arrival and 
departure of the hatchery staff, are used for fiscal 
reasons. Continuous (24 hour) light is commonly used to 
improve growth of the fish (Clarke et al. 1978; Lundqvist 
1980; McCormick et al. 1987; Saunders et al. 1989; 
Stefansson et al. 1990). Rottiers (1992) found that 
Atlantic salmon raised under 16L:8D grew faster than those 
under 8L:16D. However, these non-changing lighting schemes
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likely deprive the fish of important cues for 
smoltification. This deprivation may detrimentally affect 
survival and imprinting of the juvenile salmon and, thus, 
return rates of adult salmon. Wedemeyer et al. (1980) 
concluded that improvements in hatchery practices, including 
proper regulation of photoperiod, will help increase 
survival and return rates.
Increases in hematocrit (Stefansson et al. 1989) and 
plasma levels of thyroxine (Folmar and Dickhoff 1981) and 
cortisol (Specker and Schreck 1982), and a decrease in 
condition factor (K) (Hoar 1939a) are known indices of 
smoltification in salmon. Also, hepatosomatic index (HSI) 
decreases with smoltification as hepatic lipid, glucose and 
glycogen levels decrease (Sheridan et al. 1985b). This 
experiment examines hatchery photoperiodic practices and 
whether Chinook salmon are sufficiently sensitive to 
photoperiodic changes to alter these indices of 
smoltification. The null hypothesis being tested is that 
photoperiod or continuous light do not influence 
smoltification-related increases in hematocrit and plasma 
thyroxine and cortisol levels and decreases in HSI and K 
during smoltification in Chinook salmon.
Methods
The Chinook salmon sampled in this study originally 
came from stock out of the Toutle River, Washington via the
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Little Manistee River, Michigan. They were raised at 
McNenny State Fish Hatchery, Spearfish, South Dakota under 
natural lighting (through windows and skylights) and 
photoperiod. On 10 March 900 age 0 Chinook salmon were 
transferred into circular tanks into one of three 
photoperiod groups (300 fish/group): 24 hour light, 9L:15D
and a naturally increasing daylength. In the latter group, 
the light portion of the photoperiodic cycle was increased 
one half hour per week, closely simulating the natural 
increases at this location, and ranged from 10L:14D on 17 
March to 15.5L:8.5D on 3 June. Light was supplied by broad 
spectrum fluorescent lights hung 40 cm above the water 
surface. Light intensity at the water surface was 55 
lumens.
Blood samples were collected from 30 fish per treatment 
group (90 fish per sampling date) on 17 and 24 March, 1, 8, 
15, 22, and 29 April, 6, 13, 20 and 27 May and 3 June, 1991. 
Ten fish at a time were collected from a tank and placed in 
a 19L bucket with a buffered solution of MS-222 anesthetic 
(75 mg/L). Individual fish were taken from the bucket and 
weighed and length measured. Blood was collected from the 
severed caudal peduncle into heparinized capillary tubes.
The liver was then removed and weighed. Sampling of all ten 
fish took ten minutes or less. Blood samples were then 
centrifuged, the hematocrit measured and the plasma was 
separated and stored at -20°C until analysis. Plasma
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hormone (thyroxine and cortisol) concentrations were assayed 
as reported in Chapter II.
Condition factor (K) was calculated by the following 
equation:
K = (body weight (g) / length (cm)3) * 100. 
Hepatosomatic index was calculated by the following 
equation:
HSI = (liver weight (g) / body weight (g)) * 100.
The effect of sampling date, treatment group and their 
interactions on indices of smoltification, mean plasma 
thyroxine and cortisol levels, K, HSI and hematocrit, were 
tested by ANOVA and the Student-Newman-Keuls multiple range 
test. Changes in K, HSI and hematocrit over time were 
tested by regression. SAS for Personal Computers (SAS 
Institute Inc., Cary, NC) was used to conduct statistical 
analyses. All statistical tests were considered to be 
significant at a>0.05.
Results
Plasma thyroxine and cortisol levels, hematocrit and K 
in each experimental group changed differently over time 
(psO.0485). However, the interaction of group * date was 
not significant for HSI (p=0.1354). The increasing 
photoperiod group had higher peak levels (p<0.0001) of both 
plasma thyroxine (Figure 5) and cortisol (Figure 6). Mean 
HSI (pCO.OOOl) (Figure 7), hematocrit (psO.0378) (Figure 8)
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and K (psO.OOll) (Figure 9) decreased significantly in all 
experimental groups.
Increasing Photoperiod
Mean plasma thyroxine levels for the simulated natural 
photoperiod group peaked on 27 May (27.33 ng/mL) and were 
significantly higher than those of the other groups on 20 
and 27 May and 3 June. Plasma cortisol levels in the 
natural photoperiod group showed little change in the early 
samples and were consistently the intermediate value of the 
three experimental groups. However, on 27 May mean plasma 
cortisol in the natural photoperiod group peaked at 108.94 
ng/mL. The rate of decrease in HSI of the natural 
photoperiod group (slope=-0.050, r:=0.2215) was 
statistically greater (psO.00987) and nearly twice that of 
the other two groups. Mean hematocrit decreased at a rate 
significantly lower (p*0.04143) and nearly 1/3 that of the 
other two groups (slope=-0.160, r2=0.0124). The decrease 
in K was intermediate (slope=-0.057, r‘=0.0906) with the 
regression line not statistically different from that of the 
24 hour light group (p=0.5586) and the slope not 
statistically different from the 9L:15D group (p=0.1751).
24 Hour Light Group
Mean plasma thyroxine levels for the 24 hour light 
group peaked on 29 April (17.58 ng/mL) and 27 May (19.87 
ng/mL). Mean plasma cortisol levels in this group and were 

















Figure 5. Changes in mean (± SEM) plasma thyroxine (ng/mL) 
during smoltification in Chinook salmon (Oncorhynchus 
tshawytscha) exposed to 24 hour light, a constant 
9L:15D photoperiod or a naturally increasing 
photoperiod. New and full moons are indicated by 
filled and open circles, respectively.
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SAMPLE DATE
Figure 6. Changes in mean (± SEM) plasma cortisol (ng/mL) 
during smoltification in Chinook salmon (Oncorhynchus 
tshawytscha) exposed to 24 hour light, a constant 
9L:15D photoperiod or a naturally increasing 
photoperiod. New and full moons are indicated by 
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Figure 7. Changes in mean (± SEM) hepatosomatic index
during smoltification in chinook salmon (Oncorhynchus 
tshawytscha) exposed to 24 hour light, a constant 
9L:15D photoperiod or a naturally increasing 
photoperiod. New and full moons are indicated by 
filled and open circles, respectively.
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SAMPLE DATE
Figure 8. Changes in mean (± SEM) hematocrit during 
smoltification in Chinook salmon (Oncorhynchus 
tshawytscha) exposed to 24 hour light, a constant 
9L:15D photoperiod or a naturally increasing 
photoperiod. New and full moons are indicated by 
filled and open circles, respectively.
49
SAMPLE DATE
Figure 9. Changes in mean (± SEM) condition factor during 
smoltification in Chinook salmon (Oncorhynchus 
tshawytscha) exposed to 24 hour light, a constant 
9L:15D photoperiod or a naturally increasing 
photoperiod. New and full moons are indicated by 
filled and open circles, respectively.
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dates and were significantly higher than one or both other 
groups on six of the first eight dates. However, mean 
plasma cortisol levels in this experimental group did not 
change significantly over the duration of the experiment.
On 22 and 29 April they were significantly higher than those 
of the natural photoperiod group. On 27 May they were 
significantly lower than both other groups. The rates of 
decrease in both HSI (slope=-0.030, r2=0.0975) and 
hematocrit (slope=-0.479, r2=0.0975) of the 24 hour light 
group were not statistically different from that of the 
9L:15D group (p=0.7799 and p=0.84193, respectively).
However, the mean hematocrit for the 24 hour light group was 
significantly higher than those of the other two groups 
(p=0.0005). The regression line for mean K (slope=-0.071, 
r2=0.1316) was identical to that of the natural photoperiod 
group.
9L:15D Photoperiod
Mean plasma thyroxine levels for the 9L:15D group were 
the lowest of the three experimental groups on seven of the 
twelve sampling dates and were significantly lower than one 
or both other groups on five dates. The 9L:15D group showed 
only one significant peak (17.99 ng/mL on 29 April) in mean 
plasma thyroxine level. Plasma cortisol levels in the 
9L:15D group were unchanged and consistently lower than both 
of the other groups for nine of the first ten sampling dates 
and were statistically lower than one or both of the other
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groups on eight of these dates. However, on 27 May mean 
plasma cortisol levels for the 9L:15D group peaked at 78.13 
ng/mL, significantly higher than the 24 hour light group but 
significantly lower than the natural photoperiod group. The 
rates of decrease in HSI (slope=-0.031, r2=0.0866) and 
hematocrit (slope=- 0.437, r2=0.0835) of the 9L:15D 
photoperiod group and the 24 hour light group were not 
statistically different. The rate of decrease in K 
(slope=-0.037, r2=0.0163) was the lowest of the three 
experimental groups but was not statistically different from 
that of the natural photoperiod group. However, this group 
had the highest mean K on 10 of the 12 sampling dates, 
including the final eight, was significantly higher than 
both of the other groups on two of those dates (20 and 27 
May) and over the entire experiment (p=0.0001) and was not 
significantly lower than any other experimental group on any 
sampling date.
Discussion
The results of this experiment reject the null 
hypothesis by clearly demonstrating the effects of 
continuous light or a short, unchanging photoperiod on 
smoltification in Chinook salmon. Each experimental group 
showed some sign of undergoing smoltification in each of the 
five indices measured. However, exposure to an increasing 
photoperiod over two months induced the level or rate of
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change of parameters most indicative of smoltification: 
highest mean and peak levels of both thyroxine and cortisol, 
the greatest decrease in HSI, the greatest decrease in K 
(along with the 24 hour light group) and the least decrease 
in hematocrit. The increasing photoperiod group underwent a 
more coordinated and complete smoltification based on the 
indices measured.
Plasma Thyroxine
Plasma thyroxine levels in the increasing photoperiod 
group had higher mean and peak levels than the other 
treatment groups. A long day photoperiod has clearly been 
implicated as a cue for salmon to begin smoltification 
(Baggerman 1963; Grau et al. 1982; Higgins 1985; Duston and 
Saunders 1990). McCormick et al. (1987) reported results 
similar to the present study. Peak plasma thyroxine levels, 
in Atlantic salmon, were higher for fish raised under an 
increasing photoperiod than those raised under 24 hour light 
and that the peaks occurred simultaneously in the separate 
treatments. Eales (1965) showed that thyroid function 
increased in steelhead maintained under an increasing 
photoperiod but not in those held under an 8 hour day. 
Saunders et al. (1989) increased T, and thyroxine levels in
Atlantic salmon during autumn by artificially increasing the 
length of the days. While long days are beneficial and 
necessary for smoltification, 24 hour light or a short, 
unchanging photoperiod is clearly detrimental to this
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process. Hoffnagle and Fivizzani (1990) found that fish 
held indoors (constant, short photoperiod) had lower peak 
thyroxine levels than fish held outdoors when each group was 
exposed to novel water. Okumoto et al. (1989) concluded 
that a period of short daylength is necessary before 
photophase can be increased for artificial induction of 
smoltification. Therefore, it appears that the 
photoperiodic cue for complete smoltification may not be 
increasing daylength but decreasing darkness.
Thorpe (1982) has suggested the action of a 'light- 
pineal-pituitary axis' as a mechanism of photoperiodic 
control of smoltification. Melatonin is produced in the 
pineal, mostly during darkness, and increases prolactin 
levels. Decreasing prolactin levels during the early stages 
of smoltification (Prunet et al. 1989; Young et al. 1989a) 
may be caused by decreasing melatonin levels from the 
pineal, which is inhibited by light. Melatonin also appears 
to inhibit thyroid activity in fish (Weber and Smith 1980). 
Therefore, increasing daylength permits the increase in 
thyroxine levels by inhibition of the pineal.
Plasma Cortisol
Plasma cortisol levels also rise during smoltification 
(Specker and Schreck 1982; Langhorne and Simpson 1986). 
Cortisol may influence hypoosmoregulation in smolting coho 
salmon (Young et al. 1989a), sockeye salmon (O. nerka) 
(Franklin et al. 1992) and rainbow trout (Laurent and Perry
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1990). However, Langhorne and Simpson (1986) found that 
Na+K*-ATPase activity rose before plasma cortisol levels in 
Atlantic salmon exposed to exogenous cortisol. Bisbal and 
Specker (1991) found increases in gill Na*K*-ATPase, improved 
ability to regulate plasma osmolality and reduced saltwater 
mortality in cortisol-implanted Atlantic salmon. Madsen 
(1990) found that either cortisol or growth hormone were 
able to improve the osmoregulatory ability of brown trout 
(Salmo trutta) . However, fish treated with both hormones 
were able to osmoregulate better than fish with only one of 
either hormone, suggesting a synergistic effect. Richman 
and Zaugg (1987) concluded that growth hormone may increase 
gill Na*K*-ATPase activity with cortisol additionally 
stimulating chloride cell proliferation and/or 
differentiation.
The increasing photoperiod group also had the highest 
peak plasma cortisol levels while the 9L:15D group also 
peaked but at a lower level and the 24 hour light group had 
consistently high levels but showed no change. The results 
of Stefansson et al. (1989) differ from the present study. 
They found cortisol levels increased identically in Atlantic 
salmon raised under continuous light, 16L:8D or 8L:16D 
photoperiods. However, McCormick et al. (1987) found that 
24 hour light inhibited increases in salinity tolerance and 
gill Na*K*-ATPase activity in Atlantic salmon. Those fish 
reared under a increasing photoperiod showed normal
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increases in salinity tolerance and gill Na*JC-ATPase 
activity. Since it appears that cortisol increases salinity 
tolerance and gill Na’K*-ATPase activity these data agree 
with those of the present study. There is evidence that the 
pineal and melatonin may also influence plasma cortisol 
levels as it appears to influence plasma thyroxine levels. 
Delahunty et al. (1977) found that during the summer, 
pinealectomized goldfish (Carassius auratus) maintained on a 
long photoperiod had increased plasma cortisol titers. 
McKeown (1984) concluded that this may be a means for the 
pineal gland to indirectly affect osmoregulation in fish by 
influencing plasma cortisol levels.
Plasma thyroxine and cortisol levels in these fish 
showed some coincidental changes which culminated with the 
peaks seen in both hormones and in all groups on 27 May, a 
full moon date. Mean plasma cortisol and thyroxine levels 
in at least two of the three experimental groups showed an 
increase on the full moon dates of 29 April and 27 June and 
then a decrease on the following sampling date. This 
pattern was also seen on the 1 April full moon date and its 
succeeding sampling date (8 April) for the plasma thyroxine 
samples. It appears that these hormone levels go through a 
series of changes until they are all coordinated into a 
single, final smoltification surge. Mean K showed many of 
the same decreases after the full moon that was seen in the 
hormone levels, particularly in the 9L:15D group. Previous
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studies have shown peak cortisol levels to occur well after 
peak thyroxine levels in coho salmon (Specker and Schreck 
1982; Barton et al. 1985; Young 1986; Young et al. 1989a) 
and in Atlantic salmon (Virtanen and Soivio 1985). The 
timing of the thyroxine peaks in the present study also 
conflict with studies reporting coho (Grau et al. 1981), 
masu (Yamauchi et al. 1984; 1985) and Atlantic salmon (Boeuf 
and Prunet 1985) undergoing thyroxine peaks on new moon 
dates. However, Lin et al. (1985) found thyroxine peaks in 
steelhead in the last quarter (1982) and full moon (1983) 
phases of the lunar cycle. Youngson and Simpson (1984) 
found no relationship between serum thyroxine levels and 
lunar cycle in wild nor captive Atlantic salmon. 
Hepatosomatic Index
A great amount of activity occurs in the liver during 
smoltification. Mitochondrial activity increases (Blake et 
al. 1984; McCormick et al. 1989) and shifts in liver 
mitochondrial protein profiles as well as plasma protein 
profiles (Bradley and Rourke 1984; Johanning and Bradley 
1989) indicate a change in liver physiology during 
smoltification. A decrease in HSI may also be indicative of 
periods of increased activity. Boujard and Leatherland 
(1992) found that peaks in HSI were associated with periods 
of low activity. Since smolting salmon are increasingly 
active, a decrease in HSI would be expected. Plisetskaya et 
al. (1988) and Woo et al. (1978) found that liver glycogen
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levels decrease during smoltification. Liver lipid levels 
(Woo et al. 1978; Sheridan et al. 1983) and glycogen and 
fatty acid synthesis in the liver decrease while liver 
glycogen phosphorylase and lipase activities increase 
(Sheridan et al. 1985b). These decreases in lipid and 
glycogen levels would likely cause a loss of weight of the 
liver, thus decreasing HSI in smolting salmon. Sheridan 
(1986) found that treatment of coho salmon with either 
thyroxine or cortisol caused a decrease in liver total lipid 
concentration but did not cause significant decreases in 
total liver mass. Soengas et al. (1992) found that 
treatment of rainbow trout with either cortisol and/or T3 
and thyroxine caused a decrease in liver glycogen and 
glucose. The present experiment shows simultaneous 
increases in both thyroxine and cortisol in the increasing 
photoperiod fish, the group with the greatest decrease in 
HSI. It is possible that both of these hormones combined 
could exert a sufficient synergistic effect to induce this 
depletion.
Hematocrit
The hematocrit levels reported here are similar to 
those seen in brook trout (Snieszko 1960; McCormick and 
Naiman 1984) and other salmonids (Sano 1960). The changes 
in hematocrit seen in this study further reflect the 
inhibitory effects of 24 hour light or unchanging 
photoperiods. Stefansson et al. (1989) found that
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hematocrit increased in Atlantic salmon during 
smoltification. They hypothesized that this is due to 
changes in respiratory capacity (Higgins 1985) caused by 
changes in hemoglobin (Koch 1982) and swelling of 
erythrocytes (Soivio and Nikinmaa 1981). Seawater has about 
20% less oxygen solubility than freshwater (Wetzel 1983).
To counter this it is logical that salmon hematocrit should 
increase as the fish smoltify thus increasing the oxygen 
carrying capacity of their blood. Green (1904) found that 
the blood of adult Chinook salmon is "diluted" as it re­
enters freshwater. Benditt et al. (1941) found the same 
results for adult Atlantic salmon to be caused by a decrease 
in the number of red blood cells which reduced the oxygen 
capacity by 28%.
Mean hematocrit levels in the 24 hour light group were 
significantly higher than those of the other two groups in 
two of the first six sampling dates and were never 
significantly lower throughout the study. Koch (1982) 
states that about 50% of the reduction in the HbA/HbC ratio 
occurs when Atlantic salmon grow from 5 to 15 cm and that an 
additional 10 - 15% reduction occurs during smoltification. 
It may be that the sudden increase in photoperiod, from 
9L:15D to 24 hour light, at the beginning of the experiment 




Condition factor (K) has long been known to decrease in 
smolting salmon (Hoar 1939a; Vanstone and Markert 1968; 
Fessler and Wagner 1969; Saunders and Henderson 1970; Wagner 
1974; Wedemeyer et al. 1980). This was seen in our Chinook 
salmon, but not to the extent seen in Atlantic (Komourdjian 
et al. 1976a; Virtanen and Soivio 1985; McCormick et al.
1987) and coho salmon (Barton et al. 1985). The present 
study supports Komourdjian et al. (1976a) who showed that 
long day photoperiods induce decreases in K. The two groups 
exposed to long day lengths, 24 hour and increasing 
photoperiod, had the greatest decreases in K. Both Saunders 
et al. (1985a) and McCormick et al. (1987) found that K 
decreased for Atlantic salmon raised under an increasing 
photoperiod while K for fish raised under 24 hour light 
remained nearly constant. Bjornsson et al. (1989) found 
that K increased for Atlantic salmon held under 24 hour 
light and constant temperature. It is possible that the 
change to the 24 hour light in the present study came when 
the fish were large enough to be stimulated by an increasing 
photoperiod. Duston and Saunders (1990) showed that groups 
of Atlantic salmon to which the photoperiod was increased 
earlier, showed an earlier decrease in K than those whose 
photoperiod was increased later. They also showed that K 
did not decrease in fish held under constant, short days.
In the present study, the 9L:15D photoperiod fish had the
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slowest rate of change.
Plisetskaya et al. (1988) speculated that a peak of 
insulin during smoltification, just before or during the 
thyroxine peaks, may cause anabolic activity in salmon.
This increased anabolic activity may cause the reduction in 
K, associated with smoltification, by inducing growth of the 
fish in body length while increased glycogenolysis and 
lipolysis and decreased glycogenesis and lipogenesis 
(Sheridan et al. 1985b) reduce accompanying increases in 
body weight. Bjornsson et al. (1989) found no correlation 
between changes in condition factor and growth hormone and 
speculated that concurrent increases in growth hormone and 
thyroid hormones, as shown by Prunet et al. (1989), were 
required to result in the decrease in K associated with 
smoltification.
In summary, 24 hour light and a 9L:15D photoperiod were 
shown to be detrimental to the changes in plasma thyroxine 
and cortisol levels, hematocrit, hepatosomatic index and 
condition factor associated with the smoltification process 
in Chinook salmon. An increasing daylength photoperiod was 
found to be stimulatory to these smoltification indices. 
Photoperiodic changes can be used as a management tool to 
induce or delay smoltification. Hatcheries should account 
for photoperiodic effects when raising salmon and resist the 
temptation to utilize haphazard photocycles or continuous 
light in an effort to maximize growth.
CHAPTER V
AGE-SIZE RELATIONSHIPS INFLUENCING SMOLTIFICATION
Wild Chinook salmon typically spend one or more years 
in fresh water before migrating to the ocean (Healy 1991).
In contrast, hatchery salmon are raised to grow as quickly 
as possible before they are released, usually before they 
are one year old. The mean weight of salmon held in 
hatcheries until their second spring often exceeds 400 g.
The size at release, and presumed smoltification, of 
hatchery salmon during their first spring often exceeds that 
of wild fish during their second spring (Thorpe 1991). This 
increased rate of growth improves post-release survival but 
has been implicated in an increase in the rate of precocious 
maturation (jacking) in male salmon and trout (Bilton 1980; 
Saunders et al. 1982, 1985b; Thorpe 1986; Berglund 1992).
As juvenile salmon grow, the cohort tends to form a 
bimodal size distribution (Saunders et al. 1982) with the 
larger fish tending to smoltify earlier (Thorpe et al. 1980; 
Nicieza et al. 1991). This phenomenon is commonly seen in 
Atlantic salmon (Thorpe 1977; Stefansson et al. 1989) but 
has also been shown in masu salmon (Kato 1991). Increased 
hatchery growth may increase the number of fish in the
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larger size class, thus increasing the number of fish which 
smoltify or mature early.
This study attempts to determine whether differences in 
size or age affect changes in plasma thyroxine, 
triiodothyronine (T3) and cortisol levels, hepatosomatic 
index (HSI), hematocrit and condition factor (K) during 
smoltification in Chinook salmon. Also, if increased growth 
does increase the rate of precocial maturation, then larger 
males should have a higher gonadosomatic index (GSI). The 
null hypothesis being tested is that neither age nor size 
influence smoltification-related increases in hematocrit or 
plasma thyroxine, T3 or cortisol and decreases in K and HSI 
during smoltification) in Chinook salmon. Also, there are 
no differences in GSI between small and large age I fish.
Methods
The Chinook salmon sampled in this study were raised at 
McNenny State Fish Hatchery, Spearfish, South Dakota. This 
stock of fish originally came from the Toutle River, 
Washington via fish stock propagated at the Little Manistee 
River, Michigan. Three groups of fish were sampled: age I 
large fish (>200 mm TL, mean=252 mm), age I small fish (<200 
mm TL, mean=151 mm) and age 0 fish (mean=76 mm TL). All 
fish were raised under the natural photoperiod. Both 
holding facilities exposed the fish to subdued natural 
lighting, although light intensities were not measured. Age
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0 fish were held in circular tanks in a hatchery building 
lighted by windows and skylights. Age I fish were held in 
opaque, plastic-covered raceways which allowed subdued 
natural lighting.
Blood samples were collected weekly from 20 fish per 
group (60 fish, total) from 17 March through 13 May, 1991. 
Ten age 0 fish or five age I fish at a time were collected 
from the tanks or raceways and placed in a 19L bucket with a 
buffered solution of MS-222 anesthetic (75 mg/L).
Individual fish were taken from the bucket, weighed and 
length measured. Blood, from the age 0 fish, was collected 
in heparinized capillary tubes from the severed caudal 
vasculature. Blood was collected from the age I fish from 
the caudal artery into heparinized syringes. The liver (all 
fish) and gonads (age I fish, only) were then removed and 
weighed and mature fish (all males) noted. Sampling of all 
ten fish took ten minutes or less. Blood samples were then 
centrifuged, the hematocrit measured and the plasma was 
separated and stored at -20°C until analysis. Plasma 
hormone (thyroxine, T3 and cortisol) concentrations were 
assayed using the method reported in Chapter II.
Condition factor (K) was calculated by the following 
equation:
K = (body weight (g) / length (cm)3) * 100. 
Hepatosomatic index (HSI) was calculated by the following 
equation:
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HSI = (liver weight (g) / body weight (g)) * 1 0 0 .  
Maturity of the males was noted with males being considered 
to be mature if the gonads were enlarged from the thread­
like immature stage. Gonadosomatic index (GSI) was 
calculated for males by the following equation:
GSI = (gonad weight (g) / body weight (g)) * 1 0 0 .
The effect of sampling date, treatment group and their 
interactions on indices of smoltification, mean plasma 
thyroxine, T, and cortisol levels, K, HSI and hematocrit, 
were tested by ANOVA and the Student-Newman-Keuls multiple 
range test. Changes in K, HSI and hematocrit over time were 
tested by regression. SAS for Personal Computers (SAS 
Institute Inc., Cary, NC) was used to conduct statistical 
analyses. All statistical tests were considered to be 
significant at <x>0.05.
Results
Different age or size groups showed different responses 
in smoltification parameters, plasma thyroxine, T3 and 
cortisol levels, K, HSI and hematocrit, over time 
(psO.0003). However, this was not the case for changes in 
GSI, as the interaction of experimental group * sampling 
date was not significant (p=0.9539).
Age 0 Fish
The age 0 fish had their highest mean plasma thyroxine 
levels at the beginning and end of the experiment (Figure
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10). Mean plasma thyroxine levels in this group on 17 and 
24 March and 13 May were significantly higher than on 1, 8, 
22 and 29 April and 6 May. There were no other significant 
differences. The age 0 fish had significantly higher plasma 
thyroxine levels than both age I groups on 17 March and 13 
May. Mean plasma T3 levels were significantly higher on 24 
March and 6 May than on 15 April (Figure 11). This group 
consistently had the intermediate plasma T3 levels, being 
significantly lower than the age I large fish on five of 
nine sampling dates and significantly higher than the age I 
small fish on four of nine dates. Mean plasma cortisol 
levels in the age 0 fish were unchanged throughout the 
experiment (Figure 12) and were significantly lower than one 
or both age I groups on all sampling dates. Mean K was 
significantly higher on 17 March than on any other date for 
this group (Figure 13). Mean K then decreased and increased 
towards the end of the sampling period. However, mean K did 
not significantly increase or decrease over the experiment 
(p=0.2454). Mean HSI in the age 0 fish was significantly 
higher on 17 March than on any other date, after which few 
differences were seen (Figure 14). Mean HSI, also, did not 
increase or decrease significantly (p=0.1285) over the 
experiment. Mean hematocrit was higher on 8 April than on 
24 March, 15 and 29 April and 6 and 13 May (Figure 15). It 
was lower on 24 March than on any other date and no trends 

















Figure 10. Mean (± SEM) plasma thyroxine (ng/mL) level in 
age 0, age I small and age I large Chinook salmon 
(Oncorhynchus tshawytscha) . New and full moon dates 







Figure 11. Mean (± SEM) plasma T3 (ng/mL) level in age 0, 
age I small and age I large Chinook salmon 
(Oncorhynchus tshawytscha) . New and full moon dates 
are indicated by filled and open circles, respectively.
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SAMPLE DATE
Figure 12. Mean (± SEM) plasma cortisol level (ng/mL) in 
age 0, age I small and age I large Chinook salmon 
(Oncorhynchus tshawytscha). New and full moon dates 












Figure 13. Mean (± SEM) condition factor in age 0, age I 
small and age I large Chinook salmon (Oncorhynchus 
tshawytscha). New and full moon dates are indicated by 













Figure 14. Mean (± SEM) hepatosomatic index in age 0, age I 
small and age I large Chinook salmon (Oncorhynchus 
tshawytscha) . New and full moon dates are indicated by 
filled and open circles, respectively.
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SAMPLE DATE
Figure 15. Mean (± SEM) hematocrit in age 0, age I small 
and age I large Chinook salmon (Oncorhynchus 
tshawytscha) . New and full moon dates are indicated by 
filled and open circles, respectively.
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Age I Small Fish
The age I small fish had peak plasma thyroxine levels 
on 22 April which were significantly higher than all other 
dates except 24 March. Mean plasma thyroxine levels on 24 
March were significantly higher than all other dates except 
22 and 29 April and 17 March. Mean plasma thyroxine levels 
in this group were significantly higher than those of the 
age 0 fish on 22 April but were significantly lower than 
levels in both other groups on 24 March and 8 and 15 April. 
Mean plasma T3 levels in this group were significantly 
higher on 17 and 24 March and 1 April than on 13 May.
Plasma T3 levels in this group were most often lower than 
the other two groups and were significantly lower than one 
or both other groups on 8 of 9 sampling dates. Mean plasma 
cortisol levels in these salmon were significantly higher on 
29 April and 13 May than on any other sampling date.
Cortisol levels in this group were most frequently the 
intermediate of the three groups but were significantly 
higher than one or both other groups on 17 March and 15 and 
29 April. Mean K in this group changed little over the 
sampling period being significantly higher on 17 March than 
only on 6 May. However, this was the only group to show a 
significant decrease in mean K over the period of the 
experiment (p=0.0016, slope=-0.0506). Mean HSI in the age I 
small salmon did not change significantly over the period of 
the experiment (p=0.0626) and no trends were seen
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(p=0.02308). Mean hematocrit in this group was higher on 24 
March, 1 April and 6 May than on any other date and no 
trends were seen in its changes over time (p= 0.2514) . Mean 
HSI did not change over the sampling period (p=0.0626), was 
significantly lower than the age 0 salmon on all dates 
(psO.0002), except 8 and 22 April, and was significantly 
lower than both other groups (p<0.0002) on 24 March. Mean 
GSI in the age I small males decreased significantly 
(p=0.0011, slope=-0.140) and was significantly higher 
(p^.0001) on 17 March than on all other dates (Figure 16). 
There were only two age I small salmon with GSI's greater 
than 4.0, neither of which was considered to be mature. The 
highest GSI in this group was 4.31 on 17 March.
Age I Large Fish
Plasma thyroxine levels in the age I large fish were 
significantly higher than one or both of the other groups on 
24 March, 1, 8, 15 and 22 April and 6 May. However, the age 
I large fish did have significantly lower levels on 29 April 
and 13 May. Mean plasma T3 levels in this group were 
significantly higher on 15 April than on 29 April. The age 
I large fish consistently had the highest mean plasma T3 
levels (8 of 9 samples), never being significantly lower 
than any other group and significantly higher than one or 
both other groups on five of nine sampling dates. Plasma 
cortisol levels in this group were highest on 13 May, 














Figure 16. Mean (± SEM) gonadosomatic index in male age I 
small and age I large Chinook salmon (Oncorhynchus 
tshawytscha). New and full moon dates are indicated by 
filled and open circles, respectively.
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group had mean plasma cortisol levels significantly higher 
than one or both other groups on eight of nine sampling 
dates (psO.0131). Mean K in the age I large fish steadily 
decreased until the final sampling date when it dramatically 
increased to its highest level. However, mean K was not 
significantly different on any sampling date (p=0.0713) and 
no trends were seen over the period of the experiment 
(p=0.2068). Mean HSI in this group showed few differences 
(mean HSI was higher on 17 and 24 March and 13 May than on 
15, 22 and 29 April) and showed no trends (p=0.1052). Mean 
hematocrit in this group was higher on 6 May than on any 
other date except 15 and 22 April and lower on 24 March and 
1 April than on any other date. These salmon showed a 
significant increase in hematocrit over the experimental 
period (p<0.0001, slope=l.542). There were no significant 
differences in mean GSI in the age I large males (p=0.3522) 
and there were no trends over the course of the experiment 
(p=0.1038) despite the widest range of mean values, probably 
due to the large degree of variation in this group. Age I 
large males had mean GSI values higher than those of the age 
I small males on all dates and were significantly higher on 
8 April and all dates after 15 April (psO.0136). There were 
13 mature age I large males nine of which had GSI's greater 
than 4.0. The highest GSI was 14.69 on 17 March in a fish 
with total length = 220 mm and weight = 108.9 g. The 
smallest mature fish had GSI = 2.81, length = 302 mm and
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weight = 259.7 g. Age I (large and small) mature fish had a 
significantly higher mean length (p=0.0142), body weight 
(p=0.0019) and K (p<0.0001) than immature fish.
Discussion
In this experiment, different age or size groups of 
Chinook salmon showed different responses in smoltification 
parameters over time. Therefore, the null hypothesis is 
rejected. However, none of the groups of salmon in this 
experiment showed signs of a complete, coordinated 
smoltification process. Overall, however, the age I large 
salmon showed the most signs of undergoing smoltification 
during the sampling period, having higher plasma thyroxine,
T3 and cortisol levels and a low HSI. This group also 
demonstrated that increased growth does increase precocial 
maturation in Chinook salmon.
Plasma Thyroid Hormones
Mean plasma thyroid hormone levels behaved differently 
in each group over the sampling period with little evidence 
of smoltification in any group. Thyroid hormone levels 
fluctuated in all groups with little similarity in the 
temporal patterns between them. The temporal pattern of 
change in any group does not appear to be correlated with 
lunar cycles. Sampling procedures were consistent between 
sampling dates and are not likely to be a cause of these 
fluctuations. Acute stress has been shown to cause a
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transitory increase in plasma thyroxine levels in rainbow 
trout (Brown et al. 1978). It is possible that unknown 
occurrences at McNenny Hatchery, such as cleaning of tanks, 
immediately prior to sampling may explain these 
fluctuations. However, this is unlikely, since the 
transitory increase shown by Brown et al. lasted less than 
six hours. Also, confinement of coho salmon in densities as 
high as 120 g/L for up to 12 h, much higher than fish are 
exposed to during raceway cleaning, did not cause increases 
in plasma thyroxine levels (Specker and Schreck 1980). 
Therefore, no explanation for this behavior is evident, 
other than differences within the groups of fish.
Mean plasma thyroxine levels in the age I large salmon 
were significantly higher than one or both of the other two 
groups on six of nine sampling dates. Mean plasma T3 levels 
were significantly higher in the age I large salmon than one 
or both of the other two groups on eight of nine dates.
These results agree with those of Lin et al. (1988) who 
showed that thyroxine levels in age II Atlantic salmon were 
higher than those of age I salmon. A peak in plasma 
thyroxine and T3 levels has commonly been used as an index 
of smoltification (Baggerman 1960; Folmar and Dickhoff 
1981). Thyroid hormones have a wide variety of effects on 
salmon during smoltification including metabolic and 
developmental changes (Dickhoff et al. 1982a). Thyroxine is 
the major circulating thyroid hormone while T3 is produced
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from thyroxine in the liver (Dickhoff et al. 1982c) and, 
seems to be the effective thyroid hormone in the target 
tissue. Thyroxine also appears to induce downstream 
migratory behavior (Hoar and Bell 1950; Hoar et al. 1955; 
Fujioka et al. 1990). Ewing et al. (1984) found that larger 
Chinook salmon migrated out of a fish ladder faster than 
smaller salmon. Healy (1991) concluded that yearling smolts 
migrated downstream in a directed fashion which was 
independent of river flow and at a faster rate than 
underyearling smolts.
The age I small salmon may have become stunted. Folmar 
et al. (1982), Young et al. (1989b) and Varnavsky et al. 
(1992) reported that stunted salmon, as seen in the age I 
small salmon, were smaller in size and had lower plasma 
thyroxine levels. This is likely due to the smaller, less 
active thyroid cells found in stunted salmon (Clarke and 
Nagahama 1977; Bern 1978). Since thyroid hormones have an 
anabolic effect in fish (Schreck and Scanlon 1977) this may 
explain the small size of the age I small fish. Therefore, 
it appears that the age I large salmon may have been 
entering or preparing to undergo smoltification while the 
age I small salmon may have stunted and will not smoltify 
until the following year.
Plasma thyroid hormones in the age 0 fish were highest 
at the beginning and end of the sampling period. It is 
apparent that if these fish did smoltify it was not during
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the period in which they were sampled. Alternatively, 
increased plasma thyroxine levels in these younger salmon 
may simply indicate a period of rapid growth (Dickhoff and 
Sullivan 1987).
Plasma Cortisol
Plasma cortisol levels also peak during smoltification 
(Specker and Schreck 1982; Langhorne and Simpson 1986) and 
may increase salinity tolerance by enhancing gill Na*K*- 
ATPase activity (Young et al. 1989a; Laurent and Perry 1990; 
Franklin et al. 1992). Other studies have found increasing 
seawater survival with size of salmonids. McCormick and 
Naiman (1984) found that larger brook trout showed better 
seawater survival and greater plasma osmolarity in seawater. 
Bjerknes et al. (1992) reported that small (<9.5 cm)
Atlantic salmon died when exposed to low concentrations of 
seawater while larger salmon survived. The large age I 
salmon had the highest levels of plasma cortisol on six of 
nine sampling dates, while age 0 salmon showed no change in 
this hormone and had the lowest levels on eight dates. It 
appears that the larger salmon were perhaps more seawater 
tolerant than the smaller fish. Mahnken et al. (1982) 
concluded that larger coho salmon were better adapted for 
ocean survival and recommended that fish be released at a 
larger size from hatcheries.
Hepatosomatic Index
HSI can be used as an index of gross metabolic activity
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in the liver (Vijayan et al. 1988; Whitesel 1992). HSI 
decreases during smoltification due to decreases in hepatic 
lipid, glucose and glycogen levels (Sheridan et al. 1985b; 
Soengas et al. 1992). These changes are caused by increased 
mitochondrial activity (Blake et al. 1984; McCormick et al. 
1989) which may be controlled by thyroid hormones and/or 
cortisol (Sheridan 1986). In the present study, although 
mean HSI levels did not change in any group the age I fish 
had lower mean HSI than the age 0 fish. Both age I groups 
also had increased plasma cortisol levels and the age I 
large fish had higher plasma thyroxine and T3 levels which 
may have caused HSI to be lower in these groups.
Hematocrit
The hematocrit levels reported here are similar to 
those seen in other salmonids (Sano 1960; Snieszko 1960; 
McCormick and Naiman 1984). McCormick and Naiman (1984) 
found that hematocrit increased with increasing size of 
brook trout exposed to seawater. Stefansson et al. (1989)
hypothesized that increasing hematocrit during 
smoltification is due to changes in respiratory capacity 
(Higgins 1985) caused by changes in hemoglobin (Koch 1982) 
and swelling of erythrocytes (Soivio and Nikinmaa 1981). 
Seawater has about 20% less oxygen solubility than fresh 
water (Wetzel 1983) and an increase in hematocrit would 
increase the oxygen carrying capacity of the blood. Green 
(1904) and Benditt et al. (1941) found a decrease in
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hematocrit of spawning adult Chinook and Atlantic salmon, 
respectively. Hematocrit was highest in the age 0 fish but 
did not change over the sampling period. In the age I large 
fish hematocrit was lower after 1 April, but increased 
significantly over the sampling period as expected in 
smolting salmon.
Condition Factor
A decrease in condition factor (K) was one of the first 
utilized indices of smolting in salmon (Hoar 1939a; Vanstone 
and Markert 1968; Fessler and Wagner 1969; Saunders and 
Henderson 1970; Wagner 1974; Wedemeyer et al. 1980). 
Plisetskaya et al. (1988) found that insulin peaks early in 
the smoltification process and speculated that insulin may 
cause anabolic activity in salmon. This increased anabolic 
activity may cause the smoltification-associated reduction 
in K by inducing growth of the fish's body length while 
increased glycogenolysis and lipolysis and decreased 
glycogenesis and lipogenesis (Sheridan et al. 1985b) reduce 
accompanying increases in body weight. Mean K in the age I 
small salmon decreased and was significantly lower than the 
other two groups. However, if the 13 May sample is excluded 
the age I large salmon also had a significantly decreasing 
mean K with a greater slope than that of the age I small 
fish.
Mean K in the age 0 fish was highest at the beginning 
and end of the experiment as was seen with plasma thyroxine
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in this group, further indicating that smoltification in 
these fish may have occurred outside of the sampling period. 
Alternatively, these salmon simply may not be old or large 
enough to display a well coordinated smoltification. It may 
be that high plasma thyroid hormone (Schreck and Scanlon 
1977) or insulin (Plisetskaya et al. 1988) levels have 
induced an anabolic effect which increased K. However, 
without a synchronous increase in cortisol, weight of the 
salmon increased as well as length.
Saunders et al. (1985b) found that rapidly growing 
Atlantic salmon with decreased condition factor do not 
always grow well after transfer to saltwater, indicating 
that they were not true smolts.
Gonadosomatic Index
Precocious sexual maturation (jacking) is an important 
life history strategy which permits males to spawn early and 
thus avoid many possible predators and/or disease. It is 
also an evolutionary mechanism which can reduce the level of 
inbreeding in a population (Saunders and Schom 1985). 
Precocious maturation prevents salmon from smoltifying as 
well (Thorpe et al. 1982; Thorpe 1986; Dellefors and Faremo 
1988). Results from the present study agree with Foote et 
al. (1991) who found that precocious males grew faster, had 
higher K and had lower seawater tolerance than non-maturing 
Chinook salmon. Berglund (1992) also found higher K in 
precocious male Baltic salmon (S. salar) and that the
83
incidence of sexual maturation was positively related to 
growth rate of the fish. Increased hatchery growth rates 
have been thought to increase the rate of jacking in salmon. 
Saunders et al. (1982) found that precociously maturing male 
Atlantic salmon were among the fastest growing fish until 
they matured, at which time growth slowed dramatically.
They discussed strategies for hatcheries to control the 
growth rate of young salmon to prevent precocious sexual 
maturation.
A peak in plasma thyroxine and T3 levels was the 
primary index of smoltification used in this experiment. 
Although mean plasma thyroxine levels were high (9.38 - 
14.95 ng/mL), particularly in the age I large salmon, there 
were no distinctive peaks in plasma thyroxine levels in any 
of the experimental groups, indicating that these fish were 
unlikely to have completed the smoltification process during 
the sampling period. While samples were collected weekly 
from 17 March to 13 May it is possible that plasma thyroxine 
and T3 levels in these fish increased before or, more 
likely, after the sampling period. Increased plasma 
cortisol levels were seen in the later samples in both age I 
groups, but not in the age 0 fish, indicating that the age I 
fish may have been preparing for smoltification at that 
time. Age 0 Chinook salmon held during this same period at 
McNenny Hatchery for photoperiod experiments (Chapter 3) 
showed significant increases in plasma thyroxine and
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cortisol levels on 27 May one week after termination of the 
present experiment when the age I salmon were transported to 
Lake Oahe.
In conclusion, it appears that larger male salmon are 
more likely to mature precocially. Although the results of 
this experiment were inconclusive, there are indications 
(from this study and others) that high growth rates may not 
be a desirable practice in salmonid hatchery management. A 
less aggressive feeding program may produce less jacking 
while still providing for a complete smoltification as well 
as the desired benefits of increased growth - decreased 
predation. Alternatively, allowing larger age 0 fish to 
migrate in their first spring may allow fish in the smaller 
size class to grow faster, thus reducing the number of fish 
in this group.
CHAPTER VI
BEHAVIORAL CHANGES DURING SMOLTIFICATION
Changes in behavior as well as physiology and 
morphology are observed during salmon smoltification (Hoar 
1976; Folmar and Dickhoff 1980). During smoltification 
salmon change from demersal and territorial to pelagic and 
schooling (Hoar 1951)."' Increased plasma thyroxine levels 
are thought to induce these smoltification-related 
behavioral changes in salmon (Hoar and Bell 1950; Hoar 1955; 
Wedemeyer et al. 1980).
Most researchers studying behavior during 
smoltification have studied sockeye, coho (Hoar and Bell 
1950; Hoar 1955, 1976) or Atlantic salmon (Rottiers and 
Redell 1993). Chinook salmon are more variable in their 
life history and timing of smoltification than other salmon 
species (Healy 1991). This study examines whether activity 
and preferred location within an artificial stream are 
altered in Chinook salmon during smoltification and if these 
changes can be correlated with plasma thyroxine levels in 
these fish. If so, these behavioral changes may be useful 
as an index of smoltification in this species. The null 
hypothesis being tested is that activity and orientation
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behavior in Chinook salmon does not change over the period 
of smoltification.
Methods
Behavioral observations of age 0 Chinook salmon were 
made weekly (Trials 1, 2, 4, 5 and 6) from 31 March - 2 
April through 13 - 15 May at Blue Dog State Fish Hatchery, 
Waubay, South Dakota. Observations were also made of salmon 
after transfer to the Whitlocks Bay Spawning and Imprinting 
Station, Lake Oahe, South Dakota (Trials 3, 7 and 8). Each 
week, ten randomly selected fish were removed from the 
middle of a randomly selected raceway (fish were returned to 
the raceway after testing) and placed in a 760L glass 
aquarium with a water inlet on one side and outlet on the 
other to simulate a stream flow environment. The flow rate 
of water through the aquarium was 24.6 L/minute. Light was 
provided by overhead room fluorescent lights and two 4' 
fluorescent lights which reflected off of a white background 
behind the tank. Room lights were shut off at night while 
the background lighting remained on at all times to permit 
video-taping. A reference grid was made on the rear glass 
of the tank, dividing it into eight equal sections: four 
high and four low (Figure 17). After a 24 hour adjustment 
period, these fish were video-taped approximately every 
three minutes for 48 hours with time-lapse video. The 
number of fish in each section of the reference grid system 
was later recorded from the video. Since not all of the
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Outlet Inlet
Figure 17. Diagram of experimental tank used to assess
changes in behavior during smoltification in Chinook 
salmon (Oncorhynchus tshawytscha).
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fish were visible at each recording period (one fish was 
behind another), the percentage of visible fish found in 
each section was used for analysis. Changes in the 
percentage of fish downstream (sections 1 and 2), upstream 
(sections 7 and 8) and pelagic (sections 1, 3, 5 and 7) over 
time were analyzed. Also, an index of movement was 
calculated as the summed absolute values of the differences 
between the number of fish in each section from one 
observation period to the next. An increase in this index 
of movement indicates an increase in the activity of the 
fish. Salmon were weighed and measured after each trial. 
Mean length of observed fish ranged from 86.5 - 111.0 mm and 
weight from 5.4 - 13.1 g over the period of the experiment. 
Condition factor (K) was calculated by the following 
equation:
K = (body weight (g) / length (cm)3) * 100.
An arcsin transformation was applied to all percentages 
(Krebs 1978). ANOVA and Student-Newman-Keuls multiple 
comparison tests were performed on K, the index of movement 
and arcsin of the percentage of fish in the upstream, 
downstream and pelagic sections of the tank separately for 
fish held at the two experimental sites: Blue Dog Hatchery 
and Whitlocks Bay Station. These analyses were performed to 
examine changes in K, preferred location (upstream, 
downstream and pelagic) of the fish and index of movement 
during specific periods of the day and between trials at
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each site. Comparisons of mean movement and preferred 
location in the tank between sites were done by paired t 
test. Plasma thyroxine levels were not measured in the 
experimental salmon but were measured in other Chinook 
salmon taken from the same raceway. Spearman's correlation 
coefficient (p) was used to examine correlations between 
plasma thyroxine and preferred location or index of movement 
in the experimental fish in the artificial stream. All 
statistical tests were considered to be significant at 
a>0.05.
Results
The results of this experiment indicate that as salmon 
undergo the process of smoltification they begin to move 
downstream and become more pelagic and active. This was 
indicated by changes in periods of activity and preferred 
location in the aquarium. At Whitlocks Bay Station the 
salmon spent more time in the downstream, upstream and 
pelagic sections of the tank and were more active than when 
at Blue Dog Hatchery.
The salmon at Whitlocks Bay Station (Trials 3, 7 and 8) 
spent significantly (p<0.0001) more time in the downstream 
portion of the tank than those at Blue Dog Hatchery (Figure 
18). At Blue Dog Hatchery, salmon were more likely to be 
found downstream during Trial 4 (p=0.0001) than all other 
trials. Trial 5 had significantly fewer salmon downstream
90
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TRIAL 1 2 3 4 5 6 7 8
DATE 30 MAR- 6 - 9 7 -10 13-16 21 -24 27-30 4 - 7 12-152 APR APR APR APR APR APR MAY MAY
Figure 18. Mean percentage (± SEM) of Chinook salmon
(Oncorhynchus tshawytscha) in the downstream section of 
an artificial stream in each trial. Letters indicate 
significant differences at a=0.05.
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than Trials 2 and 4. Salmon at Blue Dog Hatchery were most 
likely to be found downstream from 0800-1600 hrs (p=0.0001). 
At Whitlocks Bay Station, a significantly higher percentage 
of these salmon were found in the downstream portion of the 
tank during Trial 3 than any other trial, while Trial 8 had 
fewer salmon downstream than the other two Whitlocks trials 
(p<0.0001). Salmon at Whitlocks Bay Station were more 
likely to be found downstream from 1200-2000 hrs and 0000- 
0800 hrs (p=0.0001).
The salmon at Whitlocks Bay Station spent significantly 
(p<0.0001) more time in the upstream portion of the tank 
than those at Blue Dog Hatchery (Figure 19). At Blue Dog 
Hatchery, salmon were more likely to be found in the 
upstream portion of the tank during Trial 5 (p=0.0001).
Trial 6 had a significantly greater percentage of fish in 
the upstream section than all other trials, except Trial 5. 
At Whitlocks Bay Station, upstream selection in Trial 8 was 
significantly higher than all others (p=0.0001). Trial 3 
had the lowest percentage of fish found upstream. The 
period of time when the highest percentage of fish were 
found in the upstream portion of the tank was the same for 
both sites: 2000-0000 hrs (p=0.0001).
The Whitlocks Bay Station salmon also spent 
significantly (p<0.0001) more time in the upper (pelagic) 
half of the tank than those at Blue Dog Hatchery (Figure 
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Figure 19. Mean percentage (± SEM) of Chinook salmon
(Oncorhynchus tshawytscha) in the upstream section of 
an artificial stream in each trial. Letters indicate 
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Figure 20. Mean percentage (± SEM) of Chinook salmon
(Oncorhynchus tshawytscha) in the pelagic section of an 
artificial stream in each trial. Letters indicate 
significant differences at a=0.05.
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the upper half of the water column at Blue Dog Hatchery 
(p=0.0001). Blue Dog Hatchery salmon were most commonly 
located high in the water column from 0800-1200 hrs 
(p=0.0001). Trial 7 had a significantly greater percentage 
and Trail 3 had a significantly lesser percentage of salmon 
in the pelagic section than any other trial at Whitlocks Bay 
Station (p<0.0001). Whitlocks Bay fish were most common in 
the pelagic portion from 0000-0800 hrs (p=0.0001).
The index of movement showed that the salmon were 
significantly (p<0.0001) more active at Whitlocks Bay 
Station than at Blue Dog Hatchery (Figure 21). Salmon were 
most active during Trials 2 and 5 at Blue Dog Hatchery 
(p=0.0001). Salmon in Trial 1 were more active than those 
in Trials 4 and 6. Trial 6 had more activity than Trial 4. 
Blue Dog Hatchery salmon were more active from 2000-0000 hrs 
(p=0.0001). Movement at Whitlocks Bay Station was greatest 
during Trail 7 and least during Trial 3 (p=0.0001). Salmon 
at Whitlocks Bay Station were most active from 0400-1200 hrs 
(p=0.0095).
Condition factor (K) in these fish was significantly 
higher (p=0.0001) at Whitlocks Bay Station than at Blue Dog 
Hatchery (Figure 22). Mean K never varied significantly at 
either Blue Dog Hatchery (p=0.0518) or Whitlocks Bay Station 
(p=0.0981). There were no significant relationships between 
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Figure 21. Mean index of movement (± SEM) in Chinook salmon 
(Oncorhynchus tshawytscha) in each trial. Index of 
movement is the summed absolute values of the 
differences between the number of fish in each section 
from one counting period to the next. Letters indicate 













Figure 22. Mean (± SEM) condition factor of Chinook salmon 
(Oncorhynchus tshawytscha) monitored during behavior 
experiments at Blue Dog Lake State Fish Hatchery or 
Whitlocks Bay Spawning and Imprinting Station, South 
Dakota.
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Coincidentally, salmon from the same raceways were 
being sampled, weekly, for changes in plasma thyroxine and 
T3 levels. Mean plasma thyroxine and T, levels in these 
different fish were unchanged at Blue Dog Hatchery (Figure 
23). However, mean plasma thyroxine increased significantly 
during both transfers to Whitlocks Bay Station and mean 
plasma T3 increased significantly during the latter transfer 
(p=0.0001). However, no relationships were found between 
levels of either thyroid hormone in the hatchery population 
(p^O.0883) and any of the behavioral measurements in the 
behaviorally observed salmon.
Discussion
The reults of this experiment reject the null 
hypothesis. Salmon at Whitlocks Bay Station were more 
active and more likely to be found in the pelagic, upstream 
and downstream areas of the artificial stream than salmon at 
Blue Dog Hatchery. However, the results of this experiment 
were not completely conclusive. This may have been due to 
the experimental environment which required 24 hours of 
bright lights to allow the fish to be video-taped (although 
all other lights were darkened during the night).
Thyroid hormones are believed to induce this behavioral 
change in salmon during smoltification (Hoar et al. 1952; 
Hoar et al. 1955; Godin et al. 1974; Wedemeyer et al. 1980). 
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Figure 23. Mean (± SEM) plasma thyroxine and T3 levels in 
Chinook salmon (Oncorhynchus tshawytscha) monitored at 
Blue Dog Hatchery or during two transfers of fish to 
Whitlocks Bay Spawning and Imprinting Station, South 
Dakota.
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were higher in migrating biwa salmon (0. rhodurus) compared 
to those remaining in a river or postmigrants in a 
downstream lake. They also found that mean epithelial 
height of the thyroid follicles was highest just before 
migration and decreased during the migration. Postmigrants 
had inactive thyroid glands. An increase in activity of 
sockeye salmon and coho salmon (Hoar et al. 1952; Hoar et 
al. 1955) has been reported after thyroxine treatment. In 
contrast, a decrease in swimming activity was seen in coho 
(Flagg and Smith 1982) and Atlantic salmon (Godin et al. 
1974) after thyroxine treatment. The differences among 
these studies may relate to differences in the species or 
stocks of fish or the timing or dosage of hormone given. 
However, each study reported behavioral modifications 
resulting from exposure to thyroid hormones. Increased 
migration of smolts has been noted in masu (Yamauchi et al. 
1985; Kasahara et al. 1989) and biwa salmon (Fujioka et al. 
1990) coincident with changes in water chemistry caused by 
rainfall-induced increases in stream flow. Yamauchi et al. 
(1985) and Fujioka et al. (1990) also correlated increases 
in plasma thyroxine levels with increased migratory behavior 
and precipitation-induced increases stream flow. In the 
fish in the present, study both plasma thyroxine and T3 were 
unchanged while maintained at Blue Dog Hatchery but 
increased dramatically in fish transferred to Whitlocks Bay 
Station. The water chemistry at Whitlocks Bay Station is
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different from that at Blue Dog Hatchery. Plasma thyroxine 
levels have been shown to be increased by exposure to a 
novel water source (Dickhoff et al. 1982c; Specker and 
Schreck 1984; Grau et al. 1985; Lin et al. 1985; Nishioka et 
al. 1985; Lin et al. 1988; Chapter II, this study). Thyroid 
hormones are well known for inducing migratory behavior in 
fish, amphibians and birds (Rankin 1991). Gorbman et al. 
(1983) concluded that prolactin and thyroxine are the 
primary hormones influencing migratory behavior in 
vertebrates.
The Whitlocks Bay Station salmon were more pelagic than 
the Blue Dog Hatchery salmon. Also, at Blue Dog Hatchery 
the salmon were more pelagic during the day while salmon at 
Whitlocks Bay Station were more pelagic at night.
Similarly, the salmon at Blue Dog Hatchery were more likely 
to be found in the downstream section during the day while 
at Whitlocks Bay Station the salmon were downstream more 
commonly at night. Hoar (1951) found that coho salmon 
become more pelagic at night during the smolt migration. 
Salmon are more vulnerable to predators when they are moving 
and when they are near the surface. Therefore, most salmon 
migrate at night (Hoar 1954, 1956; Thorpe 1982; Hesthagen 
and Garnas 1986; Rottiers and Redell 1993) when sight­
feeding predators are not as effective.
The tendency to become more pelagic makes salmon more 
vulnerable to the current and more easily displaced
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downstream. Smolts appear to migrate by rising off of the 
bottom at night and allowing themselves to be carried 
downstream. In areas of high current velocities smolts 
appear to migrate passively downstream at a rate similar to 
that of an inanimate object (Thorpe 1982; Greenstreet 1992; 
Moser et al. 1991). Flagg and Smith (1982) found that coho 
salmon smolts had an increased tail beat frequency but a 
decreased swimming stamina, also making them more likely to 
be carried downstream. Kutty and Saunders (1973) found that 
smolting Atlantic salmon refused to swim to exhaustion which 
they thought was a behavioral component of migration.
At Whitlocks Bay Station the salmon were also more 
likely to be found in the upstream portion of the tank.
This seems to contradict the findings of other studies that 
salmon tend to move downstream during smoltification. 
However, this may be a result of the increased activity of 
the fish at Whitlocks Bay Station as they searched for a way 
to escape the tank and move downstream.
In summary, the salmon observed in this study became 
more active and pelagic during the period of smoltification. 
Therefore, it appears that changes in behavior can be used 
as an index of smoltification in Chinook salmon.
CHAPTER VII
THE TIMING OF IMPRINTING IN 
CHINOOK SALMON
Salmon hatch in a stream and migrate to the ocean to 
grow and mature. Several years later they return to spawn 
in the same stream, often to the same location, by olfactory 
imprinting on the water chemistry of the natal stream (Wisby 
and Hasler 1954; Hasler and Scholz 1983). Salmon can be 
artificially imprinted on foreign chemicals introduced into 
their natal water. These chemicals produce a distinct 
chemical cue which the adult salmon can use to distinguish 
natal water from other water sources during their spawning 
migration. Coho salmon exposed to morpholine or phenethyl 
alcohol, as smolts, returned, as adults, to different 
tributary streams or areas of Lake Michigan (Cooper et al. 
1976; Scholz et al. 1976; Johnsen and Hasler 1980) or to 
coastal streams (Hassler and Kucas 1988) from those at which 
they were released when these new locations were later 
scented with these same chemicals.
The nature of the chemical cues used in imprinting in 
wild salmon stocks is still unknown. Salmon may imprint on
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a specific inorganic chemical or set of inorganic chemicals 
in the same manner as they do to foreign chemicals such as 
morpholine (Brannon et al. 1984). In addition, juvenile 
salmon have been shown to be able to discriminate between 
and prefer the scent from fish of their own population 
(Quinn and Busack 1985; Groot et al. 1986). Therefore, 
salmon may imprint on chemicals released by juvenile fish of 
their own population in their native stream such as bile 
acids (Doving et al. 1980; Selset and Doving 1980; Hara et 
al. 1984) amino acids in skin mucus (Hara et al. 1984) or 
pheromones (Nordeng 1977). In contradiction to these other 
studies, Mclsaac and Quinn (1988) reported evidence of an 
hereditary influence on imprinting in Chinook salmon.
Imprinting is thought to occur during the period of 
smoltification and may be triggered by the increase in 
plasma thyroxine levels. Baggerman (1960) first recognized 
the relationship between downstream migration in salmon and 
increased plasma thyroxine levels. Evidence for thyroid 
involvement in olfactory imprinting was shown by Scholz 
(1982), Scholz et al. (1985) and Morin et al. (1989a). Ueda 
and Yamauchi (1993) have recently begun examining changes in 
an olfactory-specific 24kDa protein during smoltification 
and spawning migrations. However, it is not known at what 
size salmon are capable of olfactory imprinting. This study 
attempts to determine whether the return rates of adult 
Chinook salmon to the Whitlocks Bay Station are different
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between two groups of fish which were exposed to morpholine 
at different sizes and stages of smoltification.
Methods
The timing of imprinting was tested by separating 
approximately 100,000 juvenile salmon into four experimental 
groups:
1) early release/imprinted,
2) early release/non-imprinted (control),
3) late release/imprinted,
4) late released/non-imprinted (control).
There were approximately 30,000 and 20,000 fish in each of 
the early and late release groups, respectively. Coded wire 
tags were used to discriminate the experimental groups and 
adipose fin clips identified them as a tagged fish. The 
salmon were imprinted, at Blue Dog Lake State Fish Hatchery, 
Waubay, South Dakota, by dripping morpholine into the 
raceway at 5 parts-per-million for a period of three weeks. 
The early imprinted fish were exposed to morpholine from 6 
March - 2 April and their mean weight over that period 
increased from 2.89 to 5.75 grams. The late imprinted group 
was exposed to morpholine from 3 - 3 0  April and their mean 
weight increased from 5.75 to 8.11 grams. Immediately after 
their respective treatment periods the fish were transported 
to the Whitlocks Bay Station where they were held for two 
weeks before being released into Lake Oahe. The early
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groups were released into Lake Oahe on 15 April and the late 
groups on 18 May.
Tagged salmon were collected from angler returns of 
adipose-clipped fish and from fish returning to the 
Whitlocks Bay Station to spawn. Anglers returned the heads 
of adipose-clipped salmon to bait shops where they were kept 
frozen or preserved in formalin until they were collected by 
personnel from the South Dakota Department of Game, Fish and 
Parks. Angler-caught fish were used to estimate 
differential survival among the four groups. Survival 
estimates were then used to adjust the expected return rate 
for analysis of the return data.
During the fall spawning run, in each of the following 
five years, morpholine was dripped into water flowing down 
the fish ladder at the Whitlocks Bay Station to scent the 
water for the morpholine-exposed fish. Upon their return to 
the Whitlocks Bay Station the heads of the adipose fin 
clipped fish were removed and frozen until the tags could be 
removed and read and the data tabulated by personnel from 
the South Dakota Department of Game, Fish and Parks.
If imprinting occurred during the four week period that 
the fish were exposed to morpholine then imprinted groups 
should have higher return rates to the Whitlocks Bay Station 
than non-imprinted groups. The group exposed to morpholine 
during the optimum time of imprinting should have the 
highest return rates.
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Survival and return rates were calculated for each 
group of fish. Differences in survival and return between 
the imprinted and non-imprinted fish and the early vs. late 
imprinted fish were compared by a G-test (Sokal and Rohlf 
1981) at a>0.05. Expected survival rates of all groups, for 
the G-test, were 1:1. Expected return rates were calculated 
by multiplying the total return for the pair of groups to be 
compared by the percentage found to have survived for those 
two groups (e.g., Two hundred four early release fish were 
captured by anglers. Of those, 129 (63.2%) were controls 
and 75 (36.8%) were morpholine-treated fish. One hundred 
twenty-nine early release fish returned to Whitlocks Bay 
Station. The expected return rate for each group was (129 * 
0.632 =) 82 control fish and (129 * 0.368 =) 48 experimental 
fish). For comparisons between early and late release 
groups the observed and expected for the late groups were 
adjusted to compensate for the fact that only approximately 
20,000 fish were released in late control and experimental 
groups while approximately 30,000 fish were released in the 
early control and experimental groups, (i.e., 51 (of 30625) 
early morpholine fish and 89 (of 20402) late morpholine fish 
returned to the Whitlocks Bay Station. The adjusted number 




From 1987 through 1992 anglers returned heads from 547 
tagged salmon to the South Dakota Department of Game Fish 
and Parks. These data (Table 4) show that imprinted fish 
from both early and late release groups experienced 
significantly lower survival than respective untreated fish 
(p*0.03502). Also, early release fish, experimental or 
control, experienced significantly lower survival than late 
release groups (p<0.00001).
Significantly more males than females returned to spawn 
at the Whitlocks Bay Spawning and Imprinting Station 
(p<0.00001). However, this is due to the fact that during 
Fall 1988, 66 tagged salmon (all precocious males) returned 
to the Whitlocks Bay Station (Table 5). If the precocious 
males are removed, both sexes survived and returned to spawn 
in equal numbers (p=0.47854). The majority of the tagged 
fish (143) returned to the Whitlocks Bay Station during the 
Fall 1989 spawning run while 84, 13 and 1 tagged salmon 
returned during the Fall 1990, 1991 and 1992 spawning runs, 
respectively. Males returned at higher rates than females 
in 1988 and 1989 while females were more common in 1990,
1991 and 1992. The modal age of maturity for males and 
females was two and three years, respectively.
In both release groups a greater percentage of the 
morpholine-treated fish returned to the Whitlocks Bay 
Station than were captured by anglers. However, these
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Table 4. Differences in survival in Lake Oahe, South
Dakota, between imprinted vs. control and early vs. 
late released Chinook salmon.
Treatment Group Number p-value
Early Imprinted 75 0.00014
Control 129
Late Imprinted 152 0.03502
Control 191
All Imprinted 227 0.00070
Control 320
Control Early 129 <0.00001
Late 191
Imprinted Early 75 <0.00001
Late 152
All Early 204 <0.00001
Late 343
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Table 5. Number of Chinook salmon of each sex (M = male, 
F = female) returning to Whitlocks Bay Spawning and
Imprinting Station, 
year.
Lake Oahe, South Dakota, for each
Year
Early Release Late Release
Total
Imprinted Control Imprinted Control
F M F M F M F M
1988 0 5 0 15 0 21 0 25 66
1989 7 17 10 29 13 32 18 17 143
1990 9 10 14 8 17 1 18 7 84
1991 1 2 1 1 3 1 3 1 13
1992 _0 _0 _0 _0 _1 _0 _0 _o 1
Total 17 34 25 53 34 55 39 50 307
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results were not significant and there were no significant 
differences between treatment and controls in adult return 
rates (p*0.12879) in either release group (Table 6). The 
late release groups consistently returned at a higher rate 
and the early release groups at a lower rate than expected. 
Comparisons between morpholine-treated or control groups 
were not significant (p^O.11220). However, the late release 
fish overall returned at a significantly higher rate than 
expected (p=0.03482).
Discussion
These results of this experiment fail to reject the 
null hypothesis. These results are greatly confounded by 
the fact that morpholine-treated fish had significantly 
lower survival than control fish, both overall and within 
each release group. This differential mortality may be 
explained by one, or both, of two hypotheses: the 
morpholine-imprinted fish had higher mortality than the 
control fish because of 1) disease and/or 2) behavioral 
differences immediately after release into the reservoir. 
Although mortality at Blue Dog Hatchery was low (< 0.64% for 
any group) imprinted fish had significantly higher mortality 
than the control group (Table 7). The differential 
mortality at Blue Dog Hatchery was likely caused by a 
disease which may have caused further mortality after the 
fish were released into the reservoir. No differential
Ill
Table 6. Differences in adult return rates to 
Bay Spawning and Imprinting Station, Lake 
Dakota, between imprinted vs. control and 




Treatment Group Number p-value
Early Imprinted 51 0.52503
Control 78
Late Imprinted 89 0.12879
Control 89
All Imprinted 140 0.14615
Control 167
Control Early 78 0.20905
Late 89
Imprinted Early 51 0.11220
Late 89
All Early 129 0.03482
Late 178
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Table 7. Differences in mortality rates at Blue Dog
Hatchery, Waubay, South Dakota, between morpholine- 




Early Imprinted 195 0.65% 0.00018
Control 128 0.43%
Late Imprinted 70 0.35% <0.00001
Control 19 0.10%
All Imprinted 265 0.52% <0.00001
Control 147 0.29%
113
mortality was noted at Whitlocks Bay Station. The 
physiological changes that occur during smoltification can 
be very stressful which can allow disease organisms to 
flourish and kill the fish. Wedemeyer (1976) showed that 
stress induced kidney infections in smolting coho salmon can 
cause high mortality. Hassler and Kutchins (1990) reported 
that disease (Ichthyophthirius multifilis) caused increased 
post-release mortality of Chinook salmon in California.
They also found that morpholine exposure, specifically, did 
not affect post-release survival, growth or susceptibility 
to capture. Increased mortality directly caused by the 
morpholine treatment is highly unlikely.
Alternatively, it may be that the imprinted fish 
remained in the vicinity of the fish ladder at the Spawning 
and Imprinting Station while the control fish moved out of 
Whitlocks Bay and into the open reservoir. Stabell (1982) 
reported that Atlantic salmon parr remained in a section of 
river which contained familiar odors while they avoided 
areas with unfamiliar odors. When the salmon were released, 
the South Dakota Department of Game Fish and Parks was 
releasing morpholine into Whitlocks Bay to attract spawning 
adult steelhead back to the facility. This release could 
have been a sufficiently familiar odor to keep the 
morpholine-treated salmon in the relatively shallow water 
near the facility. Here, they would be much more 
susceptible to predation by walleye (Stizostedion vitreum) ,
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northern pike (Esox lucius) and piscivorous birds, such as 
the commonly observed belted kingfishers (Ceryle alcyon), 
western grebes (Aechmophorus occidentalis) and common loons 
(Gavia immer), than if they had left the bay for the deeper, 
colder waters of the main reservoir where there would be 
fewer predators. I observed small salmonids feeding at the 
surface in the shallow water near Whitlocks Bay Station 
after release of the early release group. I did not remain 
at Whitlocks Bay Station after releasing the late release 
group.
The return rate of adult salmon to the Whitlocks Bay 
Station did not significantly vary between either treatment 
group and its control or between treatments and control, 
overall, even after accounting for the lower survival of 
experimental fish. These perplexing results may be 
explained by one or a combination of several hypotheses: 
the control (and possibly the experimental) fish were 
imprinted by chemicals (including morpholine) in the 
Whitlocks Bay water, a lack of morpholine exiting Whitlocks 
Bay into the main reservoir during call back or the 
experimental fish did not imprint on the morpholine at Blue 
Dog Hatchery.
It may be that the control fish (and possibly the 
experimental fish) were exposed to the morpholine that was 
dripped into Whitlocks Bay to recall steelhead and became 
imprinted on this chemical just as the treatment fish should
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have at Blue Dog Hatchery. Exposure to a novel water source 
has been shown to increase plasma thyroxine levels in salmon 
(Nishioka et al. 1985) which may make them more susceptible 
to chemical imprinting (Scholz et al. 1985). Grau et al. 
(1985) hypothesized that this novel water effect may mimic 
olfactory stimuli provided by tributary streams as fish move 
downstream and provide a mechanism for imprinting as well as 
a map for later return during the spawning migration. Morin 
et al. (1989a,b) correlated thyroid histological activity 
with olfactory learning during smoltification in Atlantic 
salmon. Cheek (1991) showed that thyroxine binding in the 
brain of coho salmon increased during smoltification and 
downstream migration. Scholz (1982) showed that coho salmon 
treated with thyroid stimulating hormone were better able to 
track an odor upstream than those receiving other 
treatments. Increased plasma thyroxine and T3 levels were 
seen in other Chinook salmon during two separate releases 
into Whitlocks Bay (Figure 23; Hoffnagle and Fivizzani, 
unpublished) and is likely to have also occurred in the 
control fish and may have occurred in the experimental fish. 
In fact, plasma thyroxine levels were significantly higher 
in the salmon released in May than in those released in 
April. This would also explain the significantly higher 
return of late release fish over early release fish, even 
after compensating for increased survival. If the control 
(and experimental?) fish had increased plasma thyroxine
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levels then they probably would have imprinted on the water 
chemistry of Whitlocks Bay, including morpholine.
Therefore, both groups would be equally as likely to return 
to Whitlocks Bay as adults. If this happened, then fish as 
small as 5.75g (the size at release of the early release 
group) were capable of olfactory imprinting since some of 
the early release fish did return to the Spawning and 
Imprinting Station to spawn.
If salmon imprint during smoltification and thyroxine 
levels do induce imprinting, then it may be that the 
experimental fish simply did not imprint on the morpholine 
at Blue Dog Hatchery. While thyroxine levels were not 
measured in these specific fish, plasma thyroxine levels did 
not change in other Chinook salmon, of the same stock and 
size, while at Blue Dog Hatchery (Hoffnagle and Fivizzani, 
unpublished), probably due to a lack of stimulating 
environmental cues such as changes in photoperiod or water 
chemistry (Nishioka et al. 1985; Hoffnagle and Fivizzani 
1990). If this was the case, then both the control and 
experimental groups simply imprinted on Whitlocks Bay water 
and, again, would be equally likely to return there to 
spawn.
Lastly, it is also possible that the morpholine being 
dripped into the Whitlocks Bay Station water to recall these 
salmon as adults was not distributed into the water of the 
main reservoir. Spring runoff causes a positive outflow
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from Whitlocks Bay and may guide salmon to the main 
reservoir. However, these ephemeral streams dry up by mid­
summer and by the time of the fall spawning migration there 
is no positive outflow from the bay. If the morpholine was 
not transmitted to the main reservoir migrating salmon may 
not have been able to discern Whitlocks Bay from the many 
other bays in Lake Oahe. Therefore, the experimental salmon 
would not be expected to return to the Whitlocks Bay Station 
in higher numbers than the controls.
A greater number and percentage of the larger, late 
release fish were both captured by anglers and returned to 
Whitlocks Bay Station. These results are as expected since 
larger fish are less susceptible to predation than smaller 
fish (Parker 1962). The timing of the release may also have 
influenced survival rates. The early release fish were 
released in mid-April. At this time, in Lake Oahe, the 
water is beginning to warm and rainbow smelt (Osmerus 
mordax) are spawning in the bay's shallow water areas. 
Walleye and northern pike are also in these areas to spawn 
and feed on smelt. Small salmon released at this time would 
be very vulnerable to these predators. The late release 
salmon were released in mid-May, after the smelt, walleye 
and northern had spawned. Thus, these predators are more 
dispersed around the reservoir and are less of a threat to 
the young salmon.
Male salmon were shown to mature at a younger age than
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females. Healy (1991) reported that female Chinook salmon 
mature at a mean age of 4.53 years while males mature at a 
mean age of 3.95 years. Overall, in various rivers from 
California to Kamchatka, females mature from 0.1 to 1.3 
years later, on average, than males. The large number of 
precocious males may be induced by the accelerated rate of 
growth in hatcheries. Salmon raised in hatcheries are 
commonly released at the age of six months and at a size 
larger than wild fish attain in two years. Rich (1920) 
reported that the largest males in a population tend to 
mature earlier.
The data regarding the timing of imprinting are 
inconclusive since no imprinted group returned in higher 
numbers than its control. The late release fish did return 
in significantly higher numbers than the early release fish 
even after compensating for increased survival. This 
indicates that those fish imprinted better on Whitlocks Bay 
Station water (with or without morpholine). Therefore, it 
seems that stocking larger fish is better for both improved 




The results of these experiments demonstrated that 
changes in specific environmental factors facilitate the 
occurrence of smoltification as defined by the indices 
measured, particularly changes in plasma thyroxine levels 
and condition factor. Exposure to novel water chemistry 
and/or an increasing photoperiod will induce smoltification- 
related changes in Chinook salmon. In contrast, exposure to 
a doubling of the water flow rate (114 L/min to 230 L/min), 
24 hour light or a short, constant photoperiod will not 
induce smoltification in Chinook salmon. Body size also 
influences smoltification. Age I large salmon showed more 
indications of completing smoltification than age I small 
salmon or age 0 salmon. Exposure to a novel water source 
also appeared to induce changes in behavior in these salmon, 
possibly via elevated plasma thyroxine levels. Larger, late 
release salmon had both increased survival and return rates, 
indicating that they imprinted better, over smaller, early 
release salmon.
An increase in plasma thyroxine levels was seen in 
these Chinook salmon during smoltification. McCormick and
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Naiman (1984) found that brook trout show a spring-time rise 
in thyroxine similar to that seen in anadromous salmonids 
but that there are no adaptations for seawater entry in this 
species (e.g. increase in Na*K*-ATPase activity). They 
speculated that more derived species of salmonids 
(Oncorhynchus and Salmo) may have utilized thyroxine changes 
associated with developmental changes in order to activate 
other physiological functions, to synchronize the 
physiological changes associated with smoltification and 
migration.
The results of the photoperiod, novel water and 
increased flow experiments show that photoperiod is an 
important environmental cue for smoltification. Komourdjian 
et al. (1976b) speculate about a 'photoperiod-endocrine 
axis' which regulates GH and prolactin in smoltification. 
Thorpe (1982) also suggests a 'light-pineal-pituitary axis' 
as a means of photoperiodic control of smoltification 
through the effects of melatonin on prolactin and thyroxine. 
Plasma prolactin levels decrease in Atlantic and coho salmon 
early in smoltification and prolactin appears to have an 
osmoregulatory function which adapts salmon to freshwater 
(Prunet et al. 1985, 1989; Young et al. 1989a). Young et 
al. (1989a) showed that prolactin levels dropped 
dramatically in Atlantic salmon when GH, thyroxine, cortisol 
and gill Na+K*-ATPase activity all increased. Avella et al. 
(1990) also reported a negative relationship between plasma
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levels of prolactin and cortisol. Melatonin increases 
prolactin production and production of melatonin in the 
pineal is inhibited by light. As photoperiod increases, 
melatonin production by the pineal decreases (Zachmann et 
al. 1992) causing prolactin levels to decrease as well.
Weber and Smith (1980) found that melatonin inhibits thyroid 
activity by acting on the pituitary and McKeown (1984) 
thought that melatonin may also depress plasma cortisol 
levels as well. Therefore, it appears that increasing 
daylength causes a decrease in melatonin which decreases 
prolactin levels allowing plasma thyroxine, GH and cortisol 
levels to increase.
The timing of the thyroxine peaks relative to the lunar 
cycle did not follow an obvious pattern. This lack of lunar 
periodicity in the present studies contrasts with studies 
reporting coho (Grau et al. 1981), masu (Yamauchi et al. 
1984; 1985) and Atlantic salmon (Boeuf and Prunet 1985) 
undergoing thyroxine peaks on new moon dates. However, Lin 
et al. (1985) found thyroxine peaks in steelhead in the last 
quarter (1982) and full moon (1983) phases of the lunar 
cycle. Boeuf et al. (1989) found no relationship between 
plasma thyroxine levels and the new moon phase of the lunar 
cycle. Youngson and Simpson (1984) found no relationship 
between serum thyroxine levels and lunar cycle in wild nor 
captive Atlantic salmon. Jonsson and Ruud-Hansen (1985) 
reported that neither stream flow, sky cover nor lunar cycle
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were significantly related to the yearly variation in the 
timing of the Atlantic salmon smolt migration. Further 
confounding this, Mason (1975) found that coho salmon fry 
tend to migrate downstream during the new moon but peak 
downstream movement of coho smolts occurred on the full 
moon. It is likely that the timing of the hormone peaks 
during smoltification are stock-specific and may be related 
to the distance to be travelled before reaching saltwater. 
Stocks from coastal streams will differ from inland stocks, 
which must migrate hundreds of miles to the ocean. Boeuf et 
al. (1989) reported that GH in Atlantic salmon from a 
spawning site far from the ocean (> 1000 km) increased 
earlier than in a salmon stock spawning close to the ocean. 
Therefore, it seems that the precise timing of these 
physiological, behavioral and morphological changes is 
likely to vary among stocks, as well as species, of salmon.
Thorpe (1991) concluded that development of juvenile 
salmon is genetically determined but is influenced by 
environment. Environmental conditions in hatcheries allow 
the salmon to grow rapidly but often lack all of the 
environmental cues available to wild salmon for stimulation 
of smoltification, such as changing photoperiod and water 
temperature and chemistry. The results of my studies 
support the hypothesis of Nishioka et al. (1985) that 
hatchery rearing of young salmonids may not provide a 
sufficiently changing environment for stimulation of the
123
thyroid gland and thus induction of smoltification. Most 
previous studies were conducted at hatcheries where salmon 
were raised outdoor, exposing them to natural photoperiods 
and lunar cycles. The water sources of both Blue Dog and 
McNenny Hatcheries are wells. Therefore, water flow and 
chemical conditions at both are uniform throughout the year. 
At Blue Dog Hatchery conditions are made worse by artificial 
photoperiods which are short and unchanging. This lack of 
environmental changes may be the basis of the lack of 
smoltification-associated increases in plasma thyroxine in 
non-experimental (control) Chinook salmon. Our observations 
of increasing plasma thyroxine levels after transfer of 
salmon to the Whitlocks Station may result from previously 
understimulated fish being exposed to environmental cues 
which trigger smoltification.
The novel water and behavior experiments showed the 
effect of changing water chemistry on smoltification. 
Transfer to novel water may mimic the repeated stimuli of 
novel water chemistry from incoming tributaries encountered 
as fish move downstream and may be a mechanism for 
imprinting (Grau et al. 1985; Allan Scholz, personal 
communication). Specker and Kobuke (1987) showed enhanced 
thyroid activity in fully smoltified coho salmon transferred 
to seawater. This increase in thyroid activity, after 
smoltification, when exposed to a novel water source is 
evidence that repeated increases in thyroxine may cause
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imprinting as the fish moves downstream, thus forming a 
'map' for the return trip as an adult. Scholz (1982) 
injected coho salmon with thyroid stimulating hormone (TSH) 
and exposed them to a synthetic chemical upon which to 
imprint. Fish treated with TSH had higher return rates than 
fish receiving injections of saline or ACTH, presumably due 
to elevated levels of plasma thyroxine in the TSH-injected 
fish. Similarly, we would anticipate a higher return rate 
to the Whitlocks Bay Station of adults of groups which 
attain greater plasma thyroxine levels before release. 
Implications for Hatchery Management
The return of sexually mature Chinook salmon to the 
Whitlocks Bay Station, through several years, has been lower 
than anticipated. This low return may be due to the absence 
of appropriate environmental stimuli prior to the time of 
normal smoltification in these fish. The present studies 
have provided further evidence of the importance of 
environmental cues on salmonid smoltification. It is 
apparent that these cues must be considered when raising 
salmon to allow for a complete smoltification process. The 
absence of proper environments may not allow them to 
imprint, develop and behave normally. Hatcheries should be 
managed to provide this environmental stimulation.
However, these cues may also be used to hasten or delay 
the onset of smoltification to coincide with management 
needs. Artificially altering the environment, by
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photoperiod or water chemistry, may be a simple and 
inexpensive method of influencing the timing of 
smoltification in salmon. The results of this study, as 
well as others, underscore the importance of understanding 
the role of environmental cues in the induction and 
coordination of the physiological, morphological and 
behavioral changes that occur during the process of 
smoltification in salmon.
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